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ABSTRACT 


At Riverton, Virginia, in the Athens limestone 
are conjugate sets of en echelon tension fractures 
which demonstrate that division of the strained 
rock mass into wedge-shaped units precedes 
shearing. 

The lower Ordovician argillaceous Athens lime- 
stone at Riverton, Virginia, exhibits pinnate tension 
fractures aligned, en echelon, in fairly straight rows. 
Some rows contain as many as 50 fractures. The 
rows of conjugate sets trend east-west and north- 
west-southeast. The shearing couple origin of 
echelon fractures suggests that the trend of each 
row may be considered as the trace of a plane of 
incipient shearing. Some shear fractures parallel 
the trend of a row. The direction of greatest shorten- 
ing (the greatest stress axis) bisects the acute angle 
between the conjugate incipient shear planes. 

The axis of elongation of the incipient shear 
planes is essentially horizontal, while the axis of 
elongation of the folds and thrust faults of the area 
is essentially vertical. However, the axes of shorten- 
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ing practically coincide, which suggests that the 
direction of greatest stress was essentially the same. 
Two hypotheses are advanced: (1) There were two 
periods of compressive stress, each accompanied by 
a different direction of elongation. A modification of 
this hypothesis postulates that the similarity in 
orientation of the least strain axes at Riverton is a 
local coincidence and that a regional survey might 
show a change in the direction of these axes. (2) As 
in the deformation of a prism in Daubrée’s classic 
experiment, two sets of conjugate shears developed 
simultaneously as the result of one compressive 
stress. Direction of elongation for one set of shears, 
however, was normal to that for the other. 


INTRODUCTION 
Problem 


En echelon tension fractures have been de- 
scribed many times (Hurst, 1942; Sherrill, 
1929; Cloos, 1932; Lopez, 1942; Riedel, 1929; 
Lagally, 1929; Chamberlain, 1919; Foley, 1926; 
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Hancock, 1918 and others). Abundant experi- 
mental evidence, supported by field observa- 
tions, shows that such fractures are formed by 
a shearing motion in which the opposing forces 


\ \ 


— 
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FicurE 1.—CoNnyJUGATE SHEAR PLANES (LEFT) AND 
ConyuGaATE Rows oF EN EcHELON 
Fractures (RIGHT) 

C = direction of compression. 


produce a rotational strain, causing tensional 
rupture normal to the direction of maximum 
elongation (Fig. 1). 

Joints that formed as a result of shearing 
have also been studied in great detail, and 
many intersecting shear joints have been de- 
scribed. However, the writer knows of no de- 
scription of conjugate sets of en echelon 
tension fractures, 

The Lower Ordovician Athens limestone in 
the Folded Appalachians near Riverton, Vir- 
ginia (Fig. 2), contains numerous belts of en 
echelon, calcite-filled tension fractures aligned 
in two intersecting directions similar to the 
pattern formed by conjugate shear planes (Fig. 
1; Pl. 1). When the belts of fractures are plot- 
ted on a geologic map (Fig. 3). their orienta- 
tion, with reference to the fold axes, simulates 
that expected for conjugate shear planes. 


The belts of en echelon tension fractures ar 
the traces of planes of shearing strain, and the 
existence of such belts is noteworthy per » 
because it shows that the division of the 
strained rock mass into wedge-shaped unit 
precedes actual shearing. In some instances, 
shear fracture, parallel to and within the belt 
has offset the tension fractures. The surfaces 
of shearing are vertical and their traces on the 
topographic surface are from an inch to 3 feet 
long. The shears are not uncommon; typical 
ones are shown in Plates 1 and 2. 


Method of Field Study and Acknowledgments 


A total of 4 weeks were spent in the field in 
1942 and 1943. A base map of the area, ona 
scale of 200 feet to the inch (Fig. 3), was pre. 
pared from a mosaic of aerial photographs 
having a scale of approximately 500 feet to 
the inch. The geologic data were mapped by 
chain and compass traverses. 

Mr. Edward I. Williams, president of the 
Riverton Lime and Stone Co., Inc., has kindly 
permitted publication of geological information 
collected by the writer while serving the com- 
pany in the field. An outline of the structural 
geology of Riverton has been published 
(Shainin, 1943). The writer owes a debt of 
gratitude to Professor Walter H. Bucher, who 
gave a great deal of helpful discussion, criti- 
cism, and advice in the preparation of the 
manuscript. Professors Robert Balk, Marland 
P. Billings, Joseph M. Trefethen, Weston S. 
Evans, and Hamilton Gray, have provided 
numerous helpful suggestions. Mrs. Patricia §. 
Clabaugh, of the U. S. Geological Survey, dis- 
cussed many details of the manuscript with 
the writer, and she is responsible for numerous 
improvements. Not all of the critics named are 
in complete agreement with the interpreta- 
tions of the writer, who accepts full responsi- 
bility for the views presented here. 

William Bell and Raymond Santmeyers as- 
sisted in the field, and Mr, E. L. Cameron 
assisted in the photography. 


BELTS OF EN ECHELON FRACTURES AND 
THEIR GEOLOGIC SETTING 


Riverton, Virginia, is underlain by strongly 
folded and faulted Paleozoic sediments. The 
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FIGURE 2.—INDEX Map SHOWING LOCATION OF RIVERTON 


Appalachian Revolution, to which the major 
structures of the area owe their origin, occurred 
at the close of the Paleozoic era and produced 
crustal shortening from southeast to northwest. 
Riverton lies on the southeast limb of the 


Massenutten syncline, about 3 miles west of 
the northern end of the Blue Ridge thrust 
fault (Fig. 2). 

The sets of tension fractures, are found in 
the Athens formation, a fine-grained, black, 
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FIGURE 3.—GEOLOGICAL Map AND SECTIONS OF THE NORTHERN PART OF RIVERTON, VIRGINIA 


thin-bedded limestone, interbedded with 
brown or gray shale. The fractures cut layers 
of high calcium content, 1-10 inches thick, and 


also the less common, and usually thinner, argil- 
laceous beds. 
As many as 50 or more fractures occur iD 
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fairly straight belts (Pl. 1). Sixty-six belts were 
chosen at random. Trends fall into two groups: 
east-west and northwest-southeast (Fig. 4); the 
angle between the groups averages about 40°. 
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PORCENTAGE SCALE OF 66 BOWS OF EN COMELON TENGON CRACTUGES 


FicurRE 4.—TRENDs OF Rows OF EN 
ECHELON TENSION FRACTURES AT 
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FicuRE 5.—TENSION FRACTURES SHOWING 
Two Forms OF CURVATURE 


The majority of the fractures in the Riverton 
area are similar in form to the fracture on the right, 
i.e., they are curved at the ends in directions oppo- 
site from those that would result from the action of 
frictional drag. 


.The individual fractures are from half an 
inch to 7 inches long, and up to 2 inches wide. 
Most of them are filled with calcite, and some 
show vugs along the middle of the calcite- 
filling. The majority are curved at the ends in 
directions opposite from those that would re- 
sult from the action of frictional drag (Fig. 5; 
Pl. 2, fig. 2). The fractures are essentially ver- 
tical (for a detailed discussion of their attitude, 
see “Strain Axes; Third Dimension’’). Al- 
though five formations composed of chemical 
and detrital sediments make up the strati- 
graphic column in the Riverton area, the 
tension fractures were observed only in the 
Athens limestone. This localization may be 
due to certain physical characteristics of the 
rocks, the detailed study of which is beyond 
the scope of this paper. Partial chemical anal- 
yses of the Athens limestone are listed in Ta- 
ble 1. 


The other formations mapped in the River- 
ton area (Fig. 3), are also Ordovician. The 
overlying Martinsburg formation is a fine- 
grained, arenaceous, graptolitic shale. The un- 


TABLE 1. PARTIAL ANALYSES OF ATHENS LIMESTONE* 
































Iron 
sample Sid, | Oxides | Cao | MgO oe tl Total 

AlsOs 
1 17.941 6.50 40.04/1.58| 33.41 | 99.46 
2 |15.66] 6.04 |41.64)1.48) 34.56 | 99.38 
3 |18.46| 7.64 |38.94/2.26| 32.13 | 99.43 
4 |20.74| 7.32 |37.74/1.64| 31.93 | 99.37 
5 |15.04) 6.34 |40.86/2.46| 34.88 | 99.58 
6 |15.04) 6.60 |41.06/1.96| 35.00 | 99.66 
7 |16.26] 7.40 |39.48/2.18] 34.10 | 99.42 
8 [15.36] 7.52 |40.06/1.70| 34.88 | 99.52 
9 |13.40] 5.72 |42.74/1.70| 35.87 | 99.43 
10 |13.60| 5.32 |42.94|1.62] 35.82 | 99.30 
11 |16.08) 6.86 |39.26/2.84| 34.39 | 99.43 
12 |12.92) 5.88 |42.14|2.42| 36.04 | 99.40 
13 110. 641 4.88 |43.44/2.76| 37.63 | 99.35 
14 | 6.34 3.18 |47.52|2.36| 39.00 | 99.40 





* Each analysis represents a composite sample 
taken for a distance of 10 feet across strike. Analyses 
by E. L. Cameron. 


derlying rocks, progressively older, include the 
Lenoir, a very coarse-grained, gray-black car- 
bonaceous limestone; the Mosheim, a fine- 
grained dove-colored limestone; and the 
Beekmantown formation, composed of fine- 
to medium-grained limestone and dolomite. 
The conjugate rows of en echelon fractures 
were observed only in the area covered by the 
map in Figure 3, although large areas of War- 
ren, Page, Shenandoah and Frederick counties 
were examined in reconnaissance mapping. 


STRAIN AXES 
Third Dimension 


In Riverton no difficulty is encountered in 
obtaining a satisfactory three-dimensional pic- 
ture of the attitude in space of the thrust 
faults and folds. However, satisfactory three- 
dimensional measurements of the planes of 
shearing strain (along which the en echelon 
fractures occur) are lacking in most cases. The 
rows of tension fractures at Riverton usually 
occur on flat, low-lying outcrops of the Athens 
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limestone, flush with the ground, which is, in 
most cases, practically horizontal. It is usually 
impossible to obtain a three-dimensional view 
of the fractured zone, but in practically every 
instance in which a vertical section through 





Weg 





STRAIN AXES FOR 
COMJUGATE @OWS OF 
TENSION FRACTURES 


STRAIN AXES FOR 
THRUSTS AND FOLDS 











FiGuRE 6.—Biock DIAGRAM OF RIVERTON 
SHOWING MoTUAL RELATIONS OF 
STRUCTURAL FEATURES 


Figures I, II and III show forms assumed by 
triaxial strain ellipsoid for points at center of block 
(I), just below the surface (II) and on the surface 
of the block (ITI). 

Scale of rows of tension fractures is exaggerated. 
A = Greatest strain axis. B = Intermediate strain 
axis. C = Least strain axis. 


the zone of fracturing does occur, the fractures 
appear as vertical surfaces that strike in the 
direction of their traces at the surface (Fig. 
6). Exceptions undoubtedly exist, which make 
postulations as to the precise orientation of 
the principal strain axes in space inaccurate. 
Actually the size of the observed angle in the 
horizontal plane would vary inversely with 
deviation of the planes of shearing strain from 
the vertical. As a result the size of the ob- 
served angle described here must be regarded 
as a minimum. It will be assumed, however, 
that the zones of shearing strain are practi- 
cally vertical planes, and that the conclusions 
are based on close approximations of the true 
strain axes. References made to the horizontal 
or vertical attitude of axes should be under- 


stood as meaning “essentially” horizontal, or 
“essentially” vertical. While this inaccurate 
three-dimensional picture makes precise calcy- 
lations impossible, it permits important 
qualitative observations on various phases of 
the deformation. 


Orientation of Axes 


General statement.—The orientation of the 
strain axes of the planes of shearing strain 
differs from that of the strain axes of the folds 
and thrust faults in that the direction of elon- 
gation in the former case is essentially horizon- 
tal, while in the latter it is essentially vertical. 
However, the direction of shortening practi- 
cally coincides in the two orientations (Fig. 
6). 

Local strain axes in limestone containing en 
echelon fractures—A total of 66 belts of ten- 
sion fractures were studied, and their trends 
plotted (Fig. 4). 

The planes of shearing strain vary widely 
in strike, but (1) the majority fall into two 
groups with strikes of N40°-50°W and N&0°- 
90°W; (2) the acute angle between the con- 
jugate sets invariably faces the direction of 
greatest shortening (the least strain axis and 
axis of maximum compressive stress). Without 
exception, the rows of fractures are aligned so 
that the components of differential movement 
are directed toward the vertex of the acute 
angle and away from the vertex of the obtuse 
angle (Figs. 1, 6). In most cases the actual 
direction of movement along the shear planes 
is not visible, since the shearing surfaces are 
seldom exposed. 

The principal strain axes for these rows of 
fractures are oriented with the direction of 
shortening (least strain axis or C), and the 
direction of elongation (greatest strain axis or 
A) in the horizontal plane, and the interme- 
diate strain axis (mean strain axis or B) in 
the vertical plane (Fig. 6). 





PLaTE 1.—ROWS OF EN ECHELON TENSION FRACTURES IN ATHENS LIMESTONE 


FicurE 1. Looktnc Nortu 31° WEsT 


Note slight “anomalous” curvature. 


FicuRE 2. Looxinc Nort 10° West 

Note slight offset of calcite-filled fractures along a shear parallel to the row in right center. 
Ficure 3. Looxinc Soutu 60° East 
Figure 4. Looxinc Nortu 40° West 

Note slight offset of fractures along shear parallel to trend of row. 
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Regional, overall axes of strain.—In the case 
of the folds and thrusts of the Riverton area, 
while the direction of greatest shortening was 
practically identical with the shortest strain 
axis of the incipient shear planes (en echelon 
belts), the direction of greatest elongation (A 
axis) was vertical and the intermediate strain 
axis (B axis) horizontal. Inclined conjugate 
shear planes (thrust faults) with their line of 
intersection in the horizontal plane, parallel 
to B, were formed (Fig. 6). 

The planes of shearing in which elongation 
is vertical may be recognized in the following 
thrust faults of the area (Fig. 3): 


(1) The Riverton thrust, shown on the geological 
map, strikes N25E and dips about 40° SE. 

(2) The small thrust bounded by tear faults north- 
east of Ash Quarry strikes N20E and dips 
about 40°NW. 

(3) Imbricate thrust fault structure exposed in the 
face of Crooked Run Trench shows seven small 
thrusts, all dipping SE. The surface of only one 
fault is exposed; it strikes N40E and dips 
40° SE. 


Figure 3 also shows the local fold axes. Al- 
though these folds have moderate, even steep 
pitches, the average pitch of folds in the 
Riverton area is about 5° toward the south- 
west.! 


ANALYSIS OF STRESSES 


Parker (1942) has described essentially ver- 
tical conjugate shear joints in the northern 
Folded Appalachians in which, locally, the di- 


1 Because of this pitch, the A strain axis pitches 
approximately 85° to the northeast and the B axis 
5° southwest. This deviation from the true vertical 
and horizontal, however, is probably not in excess of 
any deviation to be expected in the case of the shear 
planes’ axes. It is quite possible, in fact, that if the 
latter axes do “tilt” away from the ideal vertical and 
horizontal positions, they tilt in the same direction 
as the fold and thrust axes. 





rection of shortening coincides with that of 
folds in the vicinity. In one place the axis of 
elongation for the joints is horizontal, parallel 
to the axial traces of the folds, while elonga- 
tion is vertical in the case of the folds. Tracing 








FicuRE 7.—RECTANGULAR CEMENT PRISM 
COMPRESSED IN DAUBREE’S 
EXPERIMENT 


Compression was from left and right. Note frac- 
ture pattern on surface of block. Drawing by Joe 
Hoare, provided through courtesy of Professor W. 
H. Bucher. 


the same sets of conjugate joints over a large 
area, however, shows a regional swing of the 
joints independent of the folding. Parker be- 
lieves that the jointing occurred before the 
folding and that any relation in orientation 
between the two is a local coincidence. 

Such may be true at Riverton; the similar- 
ity in orientation of the strain axes for the 
conjugate rows of en echelon fractures and the 
strain axes for the folds and thrusts may be 
purely coincidental, and these features may 
have been formed by two compressive forces 
active at different geologic times. 

A second hypothesis postulates one period 
of compression during which local horizontal 
release may have been responsible for the hor- 
izontal direction of elongation attending for- 
mation of the fracture belts. 

An experiment by Daubrée (1879) (Fig. 7) 





PLATE 2.—ROWS OF EN ECHELON TENSION FRACTURES IN ATHENS LIMESTONE 


Ficure 1. EN EcHELON TENSION Fractures, Looxinc DvuE East 
Note offset of some fractures along shear parallel to and within the row. 
FicurE 2. Rows OF EN EcHELON TENSION FRAcTURES SHOWING ANOMALOUS CURVATURE 
Looxinc Sout 73° WEsT 
FicurE 3. SMALL, SECONDARY FRACTURES ADJACENT TO THE SECOND AND THIRD TENSION 
FRACTURES FROM THE Bottom 
Coalescence at a later stage may produce “anomalous” curvature. Note vug in center of lowermost frac- 


ture. Looking North 78° East. 








suggests that more than one orientation of 
strain axes may be present in a deformed 
block as the result of a single compressive 
force. Bucher (Personal communication) ana- 
lysed the deformation of Daubrée’s block 
and recognized two main types of fractures: 
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Ficure 8.—ORIGIN OF “‘ANOMALOUS” 
CURVATURE IN EN ECHELON 
FRACTURES 


After Bucher and Riedel. Drawn by Patricia 
Sutton Clabaugh. a. Gaping of the fractures as the 
result of rotation. Dashed lines represent original 
position of the fractures. b. Formation of secondary 
fractures, as the result of new strain set-up within 
rhombs between primary fractures. c. Coalescence 
of primary and secondary fractures. 


(1) large-scale conjugate shear planes. (2) 
small-scale conjugate shear planes, with the 
direction of elongation normal to that of the 
first set. 

A comparison of Figure 6 with Figure 7 
shows the similarity in orientation and relative 
magnitude of fractures at Riverton and in 
Daubrée’s experiment. (The size of the rows 
of tension fractures in Figure 6 is exagger- 
ated.) 


ANOMALOUS CURVATURE OF FRACTURES 
Description 


Many of the tension gashes at Riverton are 
curved fractures, and in the majority of cases 
the ends of the gashes curve toward the di- 
rection from which the movement occurred. 
This curvature is the antithesis of that which 
should form as a function of normal frictional 
drag, and for that reason has been here called 
anomalous. The following hypothesis is sug- 
gested to explain its origin. 


Riedel’s Experiment 


Riedel (1929) covered two adjacent boards 
with a layer of especially prepared clay and 
watched the development of strain and rupture 
therein when the two boards were moved in 





opposite directions. En echelon tension frac. 
tures formed on the surface of a wedge-shaped 
zone above the contract, making angles of 45° 
to 47° with the line of displacement between 
the two boards (Fig. 8a). As the displacement 
between the boards increased the fractures 
were accordingly rotated, so that they eventy. 
ally made angles of up to 60° with the diree. 
tion of motion. At about this, time, according 
to Riedel, along the margins of the zone new 
fractures were formed, at the original angle of 
45° to 47° to the direction of motion (Fig. 
8b). Ultimately the entire zone became a mass 
of jumbled blocks. 


Discussion 


The part of Riedel’s experiment which deals 
with the formation of secondary fractures is 
pertinent to the problem of “anomalous” cur- 
vature in the tension fractures at Riverton. 
The writer discussed Riedel’s experiment with 
Professor Bucher who analyzed the stress- 
strain relationship as follows (Personal com- 
munication): After the tension fractures have 
come into existence, the entire stress-strain 
relationship changes; each individual rhomb 
between adjacent fractures reacts as a unit to 
the movement still in progress. This motion 
tends to rotate the fractures and also to create 
a new strain set-up within any individual 
thomb, whereby zones of tension and the re- 
sulting fractures make approximately the same 
angle with the line of displacement as in the 
original rupture. Several such tension gashes 
at angles to each other would run together and 
eventually have the appearance of regular ten- 
sion fractures curving in the “wrong” direction, 
as do those at Riverton (Fig. 8c). 

The lack of this anomalous curvature along 
some of the belts of fractures can only be ex- 
plained as due to less total movement, or 
greater resistance to rupture of those particular 
zones. In other words, only primary fractures 
were formed, which would exhibit normal fric- 
tional drag curvature if never supplemented 
by the secondary gashes (Fig. 5). 
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ABSTRACT 


New mineralogic and petrographic data, derived 
from study of a number of garnet-rich deposits in 
the southeastern Adirondacks, are presented, with 
particular emphasis on the Barton deposit at Gore 
Mountain. This deposit, long the world’s largest 
producer of abrasive garnet and widely known for 
its giant hornblende-sheathed garnets, has been 
ascribed to various primary and secondary modes 
of genesis. The new data indicate that the Barton 
ore is an extreme metagabbro facies whose large 
garnets were derived by progressive recrystalliza- 
tion growth from microscopic corona garnet during 
the peripheral metamorphism of the gabbro by 
intrusive syenite magma. The progressive changes 
from corona garnet (C type) to very small poikilo- 
blasts (P type), to megascopic non-poikilitic por- 
phyroblasts (X type), and finally to very large 
hornblende-sheathed crystals (XH type) are traced 
petrographically and compositionally. These basic 
garnet types, representing different degrees of 
recrystallization growth of the original, probably 
deuteric, corona garnet, are recognized in many 
gabbroic and anorthositic facies as well as in hybrid 
facies of syenite-gabbro and syenite-anorthosite 
derivation. Because of this genetic relationship, 
garnet composition and textural type facilitate the 
petrogenetic interpretation of a number of garnetif- 
erous facies and deposits, and throw new light on 
certain old petrologic problems of the Adirondack 
province. 

Chemical analyses, specific gravities, optical and 


x-ray diffraction data, micrometric modes, micro 
graphs, maps, and graphs are presented. 


INTRODUCTION 


The genesis of the numerous and locally 
rich garnet deposits of the southeastern Adiron- 
dacks has long been studied without reference 
to the microscopic and small megascopic 
garnet so extensive in the gabbroic and anortho- 
sitic facies of that region. In a field and labora- 
tory study, interrupted by the war and recently 
concluded, new mineralogic and petrographic 
data were gathered which indicate a genetic 
relationship between the different types of 
garnet and throw light simultaneously on the 
origin of certain of the garnet-rich deposits and 
on the petrogenesis of garnetiferous facies. 

The most interesting among the many local 
concentrations of garnet is the Barton deposit 
on Gore Mountain, the world’s largest producer 
of abrasive garnet and the only Adirondack 
deposit being worked at the time of this in- 
vestigation. The deposit is widely known for its 
spectacular giant red garnet crystals, several 
inches to 3 feet in diameter and enclosed in dis- 
tinctive shells of coarse black hornblende. Be- 
cause of its particular geologic and economic 
interest and its association with garnetiferous 
gabbro and anorthosite, and with syenite, study 
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was begun at the Barton deposit and subse- 
quently extended to other Adirondack deposits 
and garnetiferous facies localities. 

Garnet is so widespread in the rocks of the 
region that it has figured significantly in a 
number of fundamental premises in Adiron- 
dack petrology. The problem of the genesis of 
the different garnet types consequently can- 
not be divorced from some of the broader 
considerations of igneous and metamorphic 
history of the Adirondacks; conversely, the 
interpretations reached in the present study 
bear directly on certain of the petrogenetic 
theories particularly those which rest rather 
heavily upon the thesis that garnet was a 
primary magmatic mineral in the parental 
magma of the gabbro-anorthosite series. 
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INTRODUCTION 


REGIONAL GEOLOGIC SETTING 


Geologic Column 


The Adirondack region is structurally an 
asymmetrical dome from which the early 
Paleozoic sediments have been stripped, ex- 


TABLE 1.—PRE-CAMBRIAN ROCKS OF THE 
EASTERN ADIRONDACKS 








Diabase: Dikes of diabase, lamprophyre, etc. 
(minor). 

Syenite-Granite Series: Chiefly quartz-pyroxene- 
syenite, quartz - pyroxene - hornblende - 
syenite, ‘and hornblende-biotite-granite; lo- 
cally shonkinitic or monzonitic; hybrid facies 
or migmatites. 

Anorthosite-Gabbro Series: Core (Marcy) and border 
(White face) types of anorthosite, grading thru 
gabbroic anorthosite and anorthositic gabbro 
to gabbro, mafic gabbro, and magnetite- 
ilmenite bodies; norite; amphibolite; meta- 
anorthosite and meta-gabbro. 

Grenville Series: Limestone and marble gneiss; 
amphibolitic gneiss; mixed gneisses and schists 
(migmatites); quartzite and quartzitic gneiss. 





posing the Precambrian igneous and meta- 
morphic rocks over an area approximately 120 
miles in diameter. The eastern half of the 
province is surmounted by mountains rising 
three to four thousand feet above the general 
upland level. In this eastern half, the larger 
igneous masses occur and garnet is prominent. 

Into the old Grenville sedimentary rocks 
the parent magma or magmas of the anortho- 
site-gabbro series and those of the syenite- 
granite series were intruded, accompanied by 
intensive and extensive folding, syntexis, and 
general dynamo-thermal metamorphism (Table 
1). 


Anorthosite and Gabbro 


The anorthosite occurs as one very large 
massif (Fig. 1), with smaller bodies to the 
northeast and southwest. The core of the main 
massif and minor portions of the smaller bodies 
are composed of the so-called Marcy type or 
core facies of anorthosite, a massive, very 
coarse, dark bluish-gray rock made up of 
plagioclase crystals and up to 15 per cent of 
dark minerals. Much of the border of the massif 
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(and most of each smaller body) is composed of 
the grayish-white, medium-grained Whiteface 
or border facies, which contains a higher pro- 


Gabbros wholly within anorthosite are fey 
and small; the largest gabbro bodies ocgy 
along the contact between anorthosite and the 
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FicurRE 1.—REGIONAL GEOLOGIC Map OF THE ADIRONDACKS 


From maps by Balk, i and others, and publications of the New York State Museum. Area 


covered by map Figure 3 out 


portion of the dark accessories and is generally 

foliated (gneissoid). The more mafic character 

of the border facies is here regarded as a primary 

variation, its foliation as a secondary, meta- 
' morphic feature. 

Gabbro, in the eastern and southeastern 
Adirondacks, occurs as irregular, round, or 
elongate bodies, several hundred feet to 3 or 
more miles long, located for the most part 
around the periphery of the anorthosite massif. 


surrounding syenite. Most of the gabbros oc- 
cur in syenite or in Grenville metasediment, or 
partly in Grenville and partly in syenite. Gab- 
bro, to judge from the exposures, occupies 4 
very much smaller volume than anorthosite, 
but is much more abundant than the related 
modal extremes with which both are associated, 
namely, meta-peridotite or meta-pyroxenite 
(now ortho-amphibolite), and magnetite-ilmen- 
ite ore (Fig. 2). 
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The term metagabbro is generally used to 
designate more or less reconstituted, generally 
amphibolitic gabbro. Its use is restricted here 
to those facies which exhibit only relics of the 
primary mineralogic and textural features of 
the original gabbro, but which, on the evidence 
of those relics and of transitional facies, are 
known or reliably inferred to have been derived 
from gabbro by reconstitution without mate- 
rial change in bulk composition. The term gab- 
bro is used for those facies which, even though 
texturally and modally somewhat modified 
from the original, are still largely characterized 
by the primary textures and mineral assem- 
blage. The term meta-anorthosite will be used 
here for anorthosite facies related to primary 
ophitic or protoclastic anorthosite by transi- 
tional facies and relic features but lacking, 
for the most part, the characteristics of the 
parental type. 

The primary facies of the gabb’»s and the 
bulk of the anorthosite (Marcy type) are com- 
posed largely of the same minerals—interme- 
diate plagioclase feldspar and pyroxene—in 
varying proportions. Because of the textural 
and mineralogical similarities and gradational 
relationships observed in the field, the anortho- 
sitic and gabbroic members are now generally 
accepted as closely consanguineous and broadly 
contemporaneous, the products of crystal frac- 
tionation from a common magma. At some 
localities the syngenetic relationship of smaller 
gabbro bodies to surrounding or associated 
anorthosite is unmistakably indicated; else- 
where, sharply discordant gabbro dikes in 
anorthosite clearly establish the 'ocally epi- 
genetic status of some of the gabbro. 


Syenite and Granite 


The syenites and granites constitute a min- 
eralogically gradational series characterized 
by a variation in quartz content, in soda-potash 
ratio, and in color index (from leucocratic to 
shonkinitic). Quartz-pyroxene syenites and 
hornblende granites of medium to coarse grain 
and massive to gneissoid structure are abun- 
dant in the eastern Adirondacks. 

The age relationship of the syenite-granite 
series to the anorthosite-gabbro series is still 
controversial. At some localities the intrusion of 
syenite into anorthosite and into gabbro is 





satisfactorily established, but elsewhere the 
field relationships have been interpreted both 
as indicative of consanguineity and essential 
contemporaneity (Balk, 1931, p. 383, 402) and 
as indicative of a later and unrelated intrusion 
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FicuRE 2.—MopaLt Composition DIAGRAM, 
MEMBERS OF THE ANORTHOSITE-GABBRO 
SERIES 


From modes by Miller, Buddington, Stephenson, 
Levin, and others. 


of syenite into gabbro and anorthosite (Bud- 
dington, 1939, Table 48). The “transition 
rocks”, which occur where rocks of the two 
series meet and exhibit some of the features of 
each, have correspondingly been interpreted 
by some, especially Balk (1931), as due to 
incomplete differentiation of syenite and anor- 
thosite from a common magma, and by others 
(Miller, 1929; Buddington, 1939) as due to 
partial syntexis of anorthosite by later intrusive 
syenitic fluids. The present writer believes that 
the syenite-granite series in the southeastern 
Adirondacks represents a distinct intrusive se- 
quence which followed so closely upon the 
consolidation of the anorthosite-gabbro series 
that partial assimilation of still hot anorthosite 
and gabbro was thermally feasible. If the 
syenite-granite series is consanguineous with 
the anorthosite-gabbro series, that relationship 
is not convincingly disclosed at the present 
level of exposure in the southeastern Adiron- 
dacks. 


HABITAT OF THE GARNET 


Garnet is ubiquitous in eastern and south- 
eastern Adirondacks. It is found, though in 
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widely varying proportions, in the gabbros and 
anorthosites, in facies mapped as members of 
the syenite-granite series, in anorthosite-to- 
Grenville skarns, in Grenville mixed gneisses, 
and in amphibolites of diverse origins. Garnet 
is essentially absent from the igneous rocks of 
the western and northwestern Adirondacks, 
although it does occur there in certain Grenville 
siliceous gneisses and amphibolites. 

One explanation of this regional difference is 
implied in Buddington’s (1939, p. 251 et seq.) 
descriptions of the metamorphic zones in the 
Adirondack region. In the western zone, meta- 
morphism was less intense, cataclastic textures 
more prominent, and recrystallization less 
extensive. In the east, deformation and re- 
crystallization were more intensive and more 
extensive. The relative predominance of grano- 
blastic over cataclastic textures hardly tells the 
whole story, however, for garnet is found as a 
significant accessory, in the eastern Adiron- 
dacks, in portions of some rocks in which re- 
crystallization of the primary minerals had not 
occurred or had reached only an incipient stage. 
Nevertheless, it is a useful empirical generaliza- 
tion that garnet is more prominent in the more 
thoroughly metamorphosed rocks and in the 
more mafic types (metagabbro, amphibolites, 
and gabbroic anorthosite) than in syenite, 
granite, and undeformed anorthosite. 


HABIT OF THE GARNET 


Several different modes of occurrence of 
Adirondack garnet have been noted. These 
habits may be tabulated as follows: 


A. In rocks of the gabbro-anorthosite series. 

1. As microscopic, anhedral, or subhedral indi- 
viduals, sparsely scattered through primary 
facies of the rocks. Embryonic corona (C) 
type. 

2. As microscopic, granular aggregates, so 
grouped as to form narrow “rims” or “cor- 
onas”, in unmodified or only slightly re- 
crystallized gabbro and (the more mafic 
facies of) anorthosite. C type. 

3. As microscopic to megascopic, scattered, in- 
dividual poikiloblasts, with characteristic 
sponge-like structure and abundant encio- 
sures of the associated minerals, occurring in 
largely or partly reconstituted facies. P type. 

4. As megascopic, small to medium sized (about 
4-1 inch diameter), subhedral to euhedral, 


scattered individual porphyroblasts, without 
inclusions of the associated minerals, occur- 
ring in wholly reconstituted, granoblastic, 
amphibolitic facies. X type. 

5. As medium to very large (up to 3 feet in 
diameter), spherical or dodecahedral, isolated, 
individual porphyroblasts, enclosed in shells 
of coarse hornblende, occurring in wholly 
reconstituted, coarsely granoblastic, amphi- 
bolitic facies. XH type. 

6. As granular aggregates forming narrow bor- 
ders around Grenville quartzitic xenoliths in 
anorthosite (Elizabethtown; Kemp, 1910, p. 
34). Rare. 


. In rocks of the syenite-granite series, as field- 


classified; hybrids in some cases: 

1. As microscopic, subhedral to euhedral indi- 
viduals, very sparsely scattered in “normal” 
foliated syenite and in granite. 

2. As microscopic to very small megascopic, sub- 
hedral, granular aggregates grouped to form 
narrow “rims” or “coronas”, in coarse, 
granoblastic, mafic (amphibolitic or dioritic) 
facies of the syenite, and in normal grano- 
blastic quartz-pyroxene syenite. 

3. As small (less than a quarter inch), irregular 
to round, anhedral individuals with sponge- 
like structure, enclosing associated minerals, 
occurring in coarse granoblastic amphibolitic 
or dioritic facies of the syenite. P type. 

4. As small to medium (}~-1} inches), subhedral 
to euhedral nonpoikilitic individuals, isolated, 
or in small lenticular clusters cumulatively 
forming a prominent lineation, in well foli- 
ated granoblastic mafic “syenite’”-gneiss. X 
type. ‘ 

5. As medium to large (1-3 inches, approxi- 
mately), subhedral to euhedral, isolated indi- 
viduals, not poikilitic, in massive granoblastic 
mafic “‘syenite”, the larger garnets being en- 
closed in a shell of coarse hornblende. XH 
type 


. In Grenville limestone—silicated marble gneiss 


(skarns) : 

1. As fine- to medium-grained, granular aggre- 
gates with green granular clinopyroxene and 
coarse calcite (with or without wollastonite), 
in close association with anorthosite or gab- 
bro, S type. 

2. As fine- to medium-grained, granular aggre- 
gates with green granular clinopyroxene and 
coarse calcite, in close association with 
syenite or syenitic gneisses. S type. 


. In Grenville mixed gneisses of various com- 


positions: 
1. As small to very large (% inch to 3 feet, ap- 
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proximately), nearly spherical, isolated, 
poikiloblastic, with or without hornblende 
shells, in dark hornblende-biotite-feldspar 
gneisses and in dark amphibolitic gneisses 
and schists, generally near syenite or syenitic 
gneisses. 

2. As massive granular aggregates of anhedral 
garnet and clinopyroxene, occurring as large 
lenticular masses in pyroxene-quartz-feldspar 
gneisses. (Johnsburg eclogite type). E type. 

. As small (up to } inch), subhedral, isolated 
or scattered individuals in various quartzitic 
and feldspathic grey gneisses. 

E. In later basic dikes. 

1. As fine-grained individuals or small clusters 
in diabase dikes cutting gabbro and anortho- 
site. 


Ww 


Several of these types of occurrences, par- 
ticularly A4, A5, B4, B5, C1, C2, D1, and D2, 
are locally represented by deposits which have 
been mined for abrasive garnet. No one mode 
of genesis will satisfactorily account for all 
occurrences, but study of the garnets and their 
petrographic settings indicates that several of 
these types are genetically related as sequential 
stages of an over-all progressive program of 
metamorphism. The relationship is particularly 
well brought out by various petrographic 
facies exposed near the two outstandingly pro- 
ductive deposits, the Barton mine on Gore 
Mountain and the Hooper mine at Thirteenth 
Lake. 

The significant garnet types encountered in 
this area are the corona C type, the poikilo- 
blast P type, the larger nonpoikilitic porphyro- 
blasts of X type, and the very large horn- 
blende-rimmed porphyroblasts of XH type. 


Loca SETTING OF THE BARTON DEPOSIT 
Location and Geologic Setting 


The Barton deposit is located! at 4340.8- 
7403, at an elevation of 2600 feet, on the north 
slope of Gore Mountain, about 6 miles by road 
south of the village of North River (Fig. 3, B; 
Fig. 4). The geology in the vicinity of the mine 
has been described by Krieger (1937). 

The deposit lies along the contact between 





1 Map positions —y? given in abbreviated form; 
€.g. 4340.8-7403 for 43 240.8" north latitude, 74° 
3’ west longitude, as measured on U. S. Geological 
Survey topographic maps of scale 1/62,500. 


a body of gabbro on the north and a body of 
syenite on the south, along the periphery of 
an outlier of anorthosite and gabbro. 

The anorthosite is now largely meta-anor- 
thosite and the gabbro is part metagabbro; 
the two are here consanguineous and essenti- 
ally contemporaneous, although the gabbro 
may have completed its consolidation slightly 
later. Both are garnetiferous. 

The syenite in this area is discordantly in- 
trusive into the anorthosite-gabbro series 
which it has peripherally metamorphosed and 
partially assimilated, with the development of 
hybrid facies along and near the contacts. 
Normal syenite in this district is free of garnet. 
The facies exposed in the area northwest of 
the large anorthosite mass and designated by 
Krieger (1937) “Low grade garnet rock”, is 
here interpreted as a hybrid facies of syenite- 
anorthosite. Certain peripheral garnetiferous 
facies, designated “garnet gneiss deposits” on 
Krieger’s map, are interpreted here as meta- 
anorthosite and syenitic hybrids of meta- 
anorthosite. 

The garnet “ore” of the Barton deposit con- 
sists of very large hornblende-sheathed garnets 
(Pl. 1) set in a coarse, dark matrix of horn- 
blende and plagioclase. This is the so-called 
“dark ore” (matrix color index about 70 to 75) 
comprising the bulk of the deposit. Along the 
southern edge of the deposit is a narrow zone of 
“light ore”, consisting of large garnets in a 
feldspathic matrix (color index 20 to 50). 


Local Structure 


The mine is an open pit or quarry which in 
1941 was 50 to 250 feet wide by approximately 
2000 feet long in an east-west direction (Fig. 5). 
The floor rose in four steps of 20 to 40 feet 
each, forming five horizontal benches or levels, 
the lowest being at the west end. Quarry depth, 
or side wall heights varied between about 25 
feet and 90 feet because of irregular topog- 
raphy. According to Krieger (1937, p. 110), 
the deposit occurs as a lens which “dips” 
(plunges?) 7° to 9° to the west. The bottom of 
the workings, and the limits of the deposit at 
the surface, suggested such an attitude, but 
there were no indications that the lower limits 
of the deposit had actually been exposed. Along 
the strike, beyond the eastern end of known ore, 











at the surface, is a garnetiferous syenite- 
gabbro hybrid, and at the western end the 
ore grades into syenite-gabbro-anorthosite 
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primary (Marcy) anorthosite there. A complex 
variety of mixed facies is found there where 
syenite, anorthosite, and gabbro meet. Field 





FicuRE 3.—SOUTHEASTERN ADIRONDACK GARNET LOCALITIES, GEOLOGIC SETTING 
From quadrangle geologic maps by Krieger (Thirteenth Lake, 1937), Miller (North Creek, 1914), and 


Balk (Newcomb 1932). Rock t 


: 1 granite, 2 syenite-anorthosite hybrid, 3 syenite, 4 syenite-Grenville 


mixed gneisses, 5 anorthosite and meta-anorthosite, 6 gabbro and meta-gabbro, 7 amphibolites (Grenville), 
8 Grenville meta-sediments. Garnet localities indicated by initial letters. Area of map Figure 4 outlined. 


hybrid locally carrying very small megascopic 
and microscopic garnet. 

At the western end of the mine, a capping of 
syenite extended over the deposit onto the 
gabbro, and apparently also overlaps the 


and petrographic evidence indicate that 
anorthosite formerly extended into the area 
south of the Barton deposit but was cut out 
and partly assimilated by the syenite magma. 

Foliation, presumably primary, is moder- 





PiaTE 1—HORNBLENDE-RIMMED GARNETS OF THE BARTON DEPOSIT 


FicurE 1. RrwMep GARNETS IN BARTON DarRK ORE 
XH type garnets, 4 to 6 inches diameter, in the north wall, level 3 of the Barton Mine. 
FicurE 2. Typrcat XH Type GARNET WITH HORNBLENDE RIM 


Near spherical garnet individual, 8 inches diameter, in Barton dark ore. 














BULL. GEOL. SOC. AM., VOL. 61 LEVIN, PL. 1 


Ficure 2 


HORNBLENDE-RIMMED GARNETS OF THE BARTON DEPOSIT 





BULL. GEOL. SOC. AM., VOL. 61 


Ficure 1 


Ficure 2 


LARGE GARNET CRYSTALS FROM BARTON DEPOSIT 
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Figure 4.—AREAL GEoLocic Map, GorE MountTAIN DISTRICT 
From map by Krieger (1937), with slight modifications. 
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FicurE 5.—STRUCTURE PLAN, BARTON Mine (1941) 














ately developed in the syenite and is near 
horizontal, dipping 10° to 15° in one direction 
or another with considerable irregularity. At 
the contact, top of the southern rim of the 
quarry, the syenite dips gently northward, but 


at much too low an angle for it to have passed 
below the gabbro, unless the latter has been 
downthrown at least 100 feet on the north 
side of the fault, which seems unlikely. 
Foliation is absent in the least modified facies 








PLATE 2.—_LARGE GARNET CRYSTALS FROM BARTON DEPOSIT 


: Ficure 1. LARGE CRYSTAL WITH IRREGULAR RIM 
This 19 inch garnet (B71-75), on display at Columbia University, shows well developed fracture system, 
hornblende rim of irregular thickness, and late plagioclase between garnet and rim. One crystal of this size 
weighs over 500 pounds. 
Ficure 2. Sormiy GARNET DODECAHEDRON 
The edges of this 10 inch crystal were outlined with chalk when photographed. The specimen is in the 
possession of Mr. Frank C. Hooper and Dr. M. H. Krieger. 
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of the gabbro and is not generally evident in the 
metagabbro facies, including the ore, of the 
quarry north wall. Modal banding, however, 
was apparent at several places, especially (Fig. 


























E. Sourm Wat, Lever 2 ano3. 
Ficure 6.—Structure SEcTIONS, BARTON MINE 
(1941) 


6) in the south wall of Level 2, where fresh 
garnet ore of the normal type (“dark ore”) is 
overlain successively by a layer or zone of 
altered dark ore, a zone of dominantly massive 
red garnet, a zone of hornblende-rich matrix 
with small (1 inch) red garnets, another zone 
of altered dark ore, and finally altered “light 
ore’. The fresh “dark ore” here is the same 
coarse, hornblende-rich, metagabbro ore 
facies which constitutes the bulk of the de- 
posit; the “light” ore is modified syenite, a 
hybrid consisting of xenolithic garnet and 
hornblende in a feldspathic matrix. 

The intrusive, almost breccia-like, contact 
of the light ore (syenite-hybrid) and the dark 
ore facies is well shown on the south wall of 
Level 2 (Fig. 6E). The intruding syenite magma 
here pried up a 1-foot thick band of dark ore 
and stoped xenoliths of the dark (metagabbro) 
ore. The syenite hybrid at this point itself 
contains sufficient xenocrystic garnet to be 
minable (“light ore”). 
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Extensive and closely spaced jointing is wel 
developed in the vicinity of the Barton mix 
(Fig. 5). No study of relative abundance wa 
made, but the NE-trending set of joints ap 
pears to be the more prominently developed 
Both sets are found in the syenite, in the gab. 
bro, in the ore, and in the nearby anorthosite 
Evidence of local movement, along the Nf 
joints at least, is found in the slight local dis 
placement of the two halves of large hom. 
blende-rimmed garnets. The displacement 
amounts to a movement, on the NW. side, ¢ 
half an inch to 4 inches in a direction S. 40°W, 
with pitch 40°SW;; it is observable only wher 
the joint passes through a very large singk 
crystal of garnet. In the medium- to coars. 
grained granobiastic matrix of the ore, as in 
the syenite and the gabbro, displacement alon 
the joints is nof observed. 

Summarizing the structural features of the 
vicinity of the Barton deposit: the syenite dis 
plays primary foliation, near horizontal; the 
gabbro and the primary anorthosite are not 
foliated, but modal banding is present in some 
of the metagabbro; the intrusive contact of 
syenite against ore-facies is also a locus of 
later shearing; two sets of near-vertical joints 
with NE and NW strikes are prominently 
developed, and a third set, seen only in the 
ore, dips gently W. and NW. parallel to the 
banding or layering; this last set of joints 
guided solutions responsible for later alteration 
at the west end of the deposit. The northeast- 
striking set corresponds to that found by Bak 
(1932) to be dominant in the Newcomb quad- 
rangle to the north. The diagonal system o 
steep NE and NW joints is well developed in 
the Barton garnets and has a direct bearing 

upon their economic value. 


GARNET COMPOSITION 
Methods 


Data were obtained on the composition and 
variation in composition of the Barton XH 
type garnets, as well as of the other types it 
this and other localities, and in various petro 
graphic facies (Figs. 7, 8; Tables 2, 3, 4). The 
compositions of over 60 different garnet spec 
mens were determined or estimated from cart 
fully controlled measurements of refractive 
index N, and specific gravity G, combined 
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GARNET COMPOSITION 


with partial chemical analyses for total man- 
ganese and for ferrous iron, and supplemented 
in many cases by the determination of the 
lattice constant ao. 

The specific gravity was determined on 
micro-picked clean material 30 to 100 mesh 
in size, using a micro-pycnometer with toluene, 
and eliminating entrapped air by gentle vacuum 
boiling, at about 30 mm. Hg pressure, and room 
temperature. The results in most cases were 
reproducible within a G value of +.00S. 

The refractive index was determined by the 
immersion method, with thermal variation, in 
specially prepared high index liquids (methyl- 
ene iodide base) which were concurrently 
checked, for index and temperature coefficient, 
on a temperature controlled Abbé type refrac- 
tometer. The mounted specimens were ob- 
served while in a micro-oven on the microscope 
stage, using a sodium-arc light source. The 
results are reliable within an N value of +.001. 

Total Mn was determined colorimetrically 
after fusion with NazCOs, solution, and oxida- 
tion to permanganate (by means of potassium 
periodate), allowance being made for color due 
to Fe*+ ion. Calibrated potassium perman- 
ganate solution was used as a standard. Only 
very small amounts of manganese were found, 
and the results, expressed as weight per cent 
MnO, are believed to be accurate to +.05. 

Ferrous iron was determined on garnet which 
was handpicked at 20 to 40 mesh under stereo- 
scopic microscope, treated with HCI to remove 
limonite and pyrite films, crushed to minus 
100 mesh in steel mortar, probed with small 
magnet to remove steel splinters, and finally 
ground 3-5 minutes in an agate mortar. A 
modification of the Pratt method was used, in- 
volving gentle boiling in a mixture of warm 
1:1 H:SO, and 40 per cent HF for a prede- 
termined period, followed by rapid titration in 
boiled-out, borated water, with standardized 
KMnQG, solution. Multiple determinations indi- 
cate a reliability of about +.1 expressed as 
weight per cent FeO. 

The lattice constant ap was determined by 
x-ray diffraction analysis of finely ground 
powder using either filtered Fe K alpha or 
filtered Cu K alpha radiation in a Debye type 
camera of 57.3 mm. radius, having equivalent 
dispersion of 1 millimeter per degree of the double 
Bragg angle 26. Several diffraction patterns 
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were made in a Phragmén type focusing camera 
using the back region from 20 = 91° to 20 = 
164°. In all cases 4 or 6 distinct and indexed 
lines in the back region were measured and the 
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Ficure 7.—N/G anpD N/ao FIELDS OF ADIRONDACK 
GARNETS 


Refractive index N plotted against specific grav- 
ity G and lattice constant ao (in Angstrom units, 
1947 wave-lengths). AG: field of anorthosite- 
gabbro series garnets. S: field of skarn garnets from 
contact zones of anorthosite, syenite, or granite 
with Grenville limestone. GV: field of garnets in 
Grenville amphibolitic-biotitic facies. 


ao determined by a Bradley-Jay extrapolation 
to sin?@ = 1. The results are reliable to +.001 
Angstrom unit. 

As a base of reference for evaluating the 
routine reliability of the physical techniques 
and instruments used, one typical specimen of 
garnet (XH type, B 110) from the Barton 
deposit was selected for more complete chemi-~ 
cal analysis and physical measurement (Table 
5). The material analyzed was a portion of a 
single garnet crystal 2.3 inches in diameter 
and hornblende-sheathed. The specimen was 
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taken from Level 3 of the quarry, roughly at 
the plan-center of the deposit. The material 
for analysis was very carefully micro-picked 
and cleaned and was microscopically pure. 
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trometer-goniometer, using sodium-arc light, 
Similarly, particular care was taken in the de. 
termination of the specific gravity and the 
lattice constant of this reference sample, 
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FicurE 8.—DETAILED Pots, N/G AND N/ao FIELDS, GARNETS OF ANORTHOSITE-GABBRO DERIVATION 


Data of Tables 2 and 3. Lattice constants plotted 


Silica and alumina were determined in dupli- 
cate and ferrous iron and manganese were run 
several times for check. 

Material for physical analysis was taken from 
the same vial as that for chemical analysis. 
The refractive index was determined by two 
independent methods. First, multiple immer- 
sion measurements were made by thermal 
variation in the same liquids used for the other 
specimens. Then the index was measured by 
minimum deviation on minute wedges ground 
from 2 mm. flawless grains of garnet taken 
from the same part of the specimen; prism 
angle and deviation were measured on a spec- 


in kx units (1931 wavelengths). 


The close agreement between the physical 
properties as measured and as calculated from 
analyzed composition provides independent 
checks on the reliability of the techniques and 
on the validity of utilizing measured physical 
properties in estimating the composition d 
other specimens. 

The values used, in this study, for the vati- 
ous end-members (or molecules, or minals) 
of the body-centered cubic mineral garnet, 
A;**B,*+(SiO,)s, are given in Table 6. The N 
values are those of Ford (1915), confirmed by 
Fleischer (1937) on newer reliable analyses. 
The G and ag values are those of Fleischer 
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C light, TABLE 2.—GARNETS OF ANORTHOSITE-GABBRO DERIVATION, BARTON MINE AND VICINITY, GORE 
the de. MountTAIN DistTRICcT 
and th § = —— 
le. No. Rock Gar G N ao MnO FeO PY AL SP GR AN 
B202 |G G .49 | 17.8 | *41 39 1 14 5 
179 B 3 |MG | P 3.915 | 1.776, — | .g1} 23.2] 34 | 49 | 2 | 14/1 
B 2 | MG P,X | 3.879 | 1.772 | 11.533 .65 | 21.6 | 38 46 1 13 2 
‘i p20 |Ore | P,x | 3.923/1.772] — | — | — | 38 | 46 | 1 | 13 | 2 
\; B 4 | Ore XH 3.875 | 1.764 _— -35-} 982 43 40 1 14 2 
iso - Bi10 | Ore XH 3.877 | 1.766 | 11.534 .38 | 19.6 | 42 41 1 14 2 
33/ B110 *43 | 40 1 14 | 2 
4 B16 | Ore XH 3.892 | 1.767 — .34 | 20.4 | 41 42 1 14 2 
1 B 1 | Ore XH 3.905 | 1.769 | 11.525 ae 1 282 Te 44 1 12 2 
4 B 27 | Ore XH 3.916 | 1.771 _— — _ 38 46 1 13 2 
- B 71 Ore XH 3.905 | 1.770 | 11.524 Be ee a | 42 Ad 1 10 3 
1 B72 | Ore XH 3.934 | 1.771 _ aa | aes 46 46 1 10 3 
G6 7 B73 | Ore XH 3.938 | 1.775 | 11.524 fF | 33) -H 49 1 11 2 
7 B 74 | Ore XH 3.934 | 1.773 _ 58 | 22.8 | 38 48 1 10 3 
4 B75 | Ore XH 3.908 | 1.769 —_ 44 | 21.2 42 44 1 10 3 
k id B 39 S/G xX 3.900 | 1.768 _ _ _ 40 43 1 12 4 
\ ‘ B101 | S/G xX 3.908 | 1.774 — 60 | 21.5 | 40 45 1 11 3 
B12 | S/G x 3.896 | 1.775 — 59 | 22.0] 38 46 1 11 4 
J B 36 | S/A x 3.963 | 1.776 — 81 | 24.2] 33 52 2 11 2 
J B 43 S/A c 3.946 | 1.780 _ 63 | 22.7 | 34 48 1 13 4 
aN B50 | S/A x 3.964 | 1.780 _ 4312.81 3 50 g 13 3 
aa B29 |S/A | X 3.978 | 1.780| — 79| 24.6| 31 | 52 | 2 | 12 | 3 
J B 33 | S/A x 3.954 | 1.782 —_ Ola, a 50 1 14 4 
y B25 | S/A x 3.965 | 1.784 | 11.550 -61 | 23.6 | 31 51 1 11 6 
a B13 | S/A x 3.990 | 1.787 —_— | eS) 57 2 13 3 
- B26 | S/A x 3.945 —_ - — _ _— _— _ — — 
9}. B14 | S/A? xX 4.074 | 1.802 | 11.592 | 1.20 | 28.5 8 OF 3 21 4 
/ BS5i | A Cc 3.91c | 1.777 | 11.585 | — — 31 4A 2 19 6 
B 55 MA P,X | 3.940 | 1.787 | 11.606 Se | 2.7 13 54 1 30 2 
VATION B 59 MA x —_ 1.787 —_ _ — _ —_ _— _ —_ 
B58 | S/A P,X | 3.959 | 1.780 | 11.532 .88 | 24.0 | 33 $1 2 11 3 
B92 | S/A x 3.950 | 1.778 | 11.534 .56 | 23.9} 33 51 1 12 3 
hysical B 81 S/A x 3.916 | 1.772 —_ -oe-4 2.7 32 48 1 18 1 
d from B 8&7 | S/A x 3.932 | 1.782 | 11.565 .67 | 23.4 | 27 50 1 18 + 
endent 
cs a B 56 | MG P,X | 3.896 | 1.771 | 11.544 48:1 21.5) 3 45 1 17 2 
hysical Specific gravity followed by c indicates determination by Clerici solutions instead of by micropycno- 


‘ion of § metry. 

MnO and FeO given in weight per cent; garnet compositions given in mol per cent; those starred calcu- 
: lated from the data of complete chemical analyses. Equivalent composition of B202 calculated from Shand’s 
e vali- 1945 analysis. 
ninals) Values of lattice constant ao in kx units based on 1931 wavelengths. 
garnet, 
The N § (1937) based on relatively recent and reliable divalent and trivalent ions, including Cr*+ and 
ned by § chemical analyses and on x-ray diffraction data. _Mn**, are theoretically possible on the basis 
alyses. @ All are extrapolated values; pure pyrope, for of ionic radii, but in the Adirondacks as in 
eischet example, is not known. Other combinations of most other regions the five “molecules” listed 






























































532 S. B. LEVIN—SOME ADIRONDACK GARNET DEPOSITS 
TABLE 3.—GARNETS OF ANORTHOSITE-GABBRO DERIVATION, VARIOUS ADIRONDACK LOCALITIES 
No. Rock Gar G N ao MnO | FeO | Py | AL sP | GR | an 
HU 5 | MG XH | 3.935 | 1.774 | 11.529 | .50] 22.9| 36 49 1 12 2 
HT 1 | S/A x 3.924 | 1.779 _ .79 | 23.2 31 49 2 16 2 
HT 2 | S/A x 3.907 | 1.780 — .80 | 24.2 | 28 52 2 15 3 
HT 3 | S/A x 3.943 | 1.786 — -81 | 25.4] 27 54 2 13 4 
HT 4 | S/A x 3.934 | 1.780 — -65 | 23.4 | 30 50 1 14 5 
HT 6 | S/A : 4 3.949 | 1.776 ~- .61 | 24.0] 29 51 1 13 4 
HT13 | S/A x 3.964 | 1.786 | 11.548 | .72 | 25.3 | 27 54 2 13 4 
HT14 | S/A x 3.965 | 1.782 — .67 | 24.5 | 28 52 1 13 4 
OH 9 | S/A x 3.991 | 1.785 — 1.05 | 26.0} 20 56 2 22 0 
RU 1 /|S/A x 3.957 | 1.780 _ -70 | 24.3 | 21 52 2 25 0 
RU 6 | S/A x 3.963 | 1.782 | 11.582 | .56| 24.0} 20 52 1 25 2 
cs tae XH 3.938 | 1.777 | 11.523 | .42 | 23.3 | 38 49 1 8 4 
C8i0 | A c 3.92c | 1.783 | 11.541 | — — 4 42 1 0 | 13 
A19 | MA P,X | 3.937 | 1.786 | 11.612 | 1.10 | 24.0; 11 53 2 32 2 
A 50 | MA P,X | 3.964 | 1.788 | 11.630 | .49 | 25.4 + 56 1 39 0 
A 51 MA? P,X | 4.122 | 1.810 a 1.46 | 30.3 7 66 3 23 1 
A 52 | MA P,X — 1.796 — _ — — _ _— —{|- 
A 53 | MA P,X | 3.956 | 1.786 a -70 | 24.6 | 10 53 1 33 3 
Localities: 


HU ‘Humphrey 1 Mountain (4338.5-7414.3). 


HT bay ee Lake, North River Garnet Co. (4342.5-7406.2). 


OH Old it (4344. 9-7405.3). 
RU Ruby seins 5 (4344.2-7406.5). 
C5 Crehore deposit (4346.7-7406.5). 


51, 53 
anorthosite gneiss from near Schroon River. 
Rock types: A, anorthosite; MA, meta-anorthosite. 

G, gabbro; MG, meta-gabbro. 


Garnet types: C, corona; P, poikiloblasts; X, porp 
blasts. 


account for over 99 per cent of each garnet 
specimen. 

Since the fundamental differences between 
various garnet specimens are the variations in 
the proportions of the proxying divalent and 
trivalent ions, and since garnet molecules as 
such do not occur in the lattice, the composi- 
tions are properly expressed in ionic or atomic 
percentages, without implying the specific as- 
sociation of certain trivalent ions with certain 
divalent ions. But the physical properties are 
related to the structure as a whole, which may 
be treated statistically as a solid solution of 


Garnet rim from anorthositic magnetite-ilmenite ore, Lake Sanford. 
Along U. S. Highway 9, near Schroon River (4357-7345). 
Columbia University collection specimens A343, 17754, and c 167 respectively, all labelled 


S/A and S/G, syenite-anorthosite and syenite-gabbro hybrids. 
hyroblass; XH, large hornblende-rimmed porphyro- 


the purest possible lattices or ionic combina- 
tions—as a solution of all possible end-members. 
The five listed in Table 6 are chosen both on 
the empirical basis of occurrence and on the 
basis of theoretical considerations of lattice 
stability as related to ionic radii. The various 
garnet specimens may thus be designated in 
two ways: e.g., 


(M, Seok 40M nsCays)3(AlysFes)2(Si0«)300 


for compositional considerations; and its equiv- 
alent P¥ALiSPsGRiANs, primarily for con- 
siderations of physical properties. 
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GARNET COMPOSITION 


TABLE 4.—GARNETS IN GRENVILLE FActEs, SOUTHEASTERN ADIRONDACKS 











No. ] Rock | Gar | G | N | ao 


| ano | reo | py | at | sP | 





Skarn facies 
























































E 3 S/GV G 3.687 | 1.766 | 11.832 .42 4.7 0 10 1 76 13 
P 8 S/GV G,P | 3.762 | 1.85 11.968 Py | 1.8 0 4 0 27 | 69 
P9 |S/GV]| G,P | 3.815| — ~ 9} 1.8] 0 | 4] 0 | 17 | 79 
Amphibolitic facies 
M 1 GVAM| P 3.983 | 1.789 — .54 | 26.7 | 36 56 1 2 5 
M7 GVAM| P 4.046 | 1.795 | 11.507 .96 | 29.6 | 28 64 2 2 4 
M15 GVAM| P 3.967 | 1.788 —_ te | aloe | 38 58 2 a 4 
M19 GVAM| P 4.056 | 1.792 — .99 | 28.9 30 62 2 3 3 
R 3 GVAM| P,xX | 4.097 | 1.805 _ 1.45 | 29.8 18 66 3 4 9 
R7 GVAM| XH 4.021 | 1.788 —_ .90 | 27.3 28 59 2 10 i 
R 8 GVAM| P 3.980 | 1.788 —- .80 | 26.1 30 55 2 10 3 
R10 GVAM 3.962 | 1.779 oa -66 | 24.8} 35 52 1 12 0 
W i GVAM| G,P | 4.020 | 1.790 — .85 | 27.4] — 58 2 _ _— 
W 6 GVAM| G,P | 4.016 | 1.795 —_ 1.54 | 27.7 — 60 3 —_ — 
Wi6 |GVAM| G,P | 4.006 | 1.790 — 80 | 27.1] — 59 2 -- — 
WE4 |GVAM/ P,X | 3.987 | 1.785 — -96 | 26.0} 30 56 z 10 2 
Eclogitic type facies 
jon |cv | G | 3.951 | 1.781 | 11.557 | .60 | 24.4| 25 | s3 | 1 | 19 | 2 
Locolities: E Pete Gay Eddy on the Hudson............... 00. etcccnccccccccccees (4348 .0-7405.2) 
ee Te ee ee he Oe re ee res (4332 .0-7351.0) 
NO gee: oa '66-<: onan 64 605-4,nk owe: p Aces fdas wane hea (4347 .1-7404.2) 
Oe I ee SE ONS Go oss bn cis ca a sor biecen atareleisione Sale Alora (4341 .0-7358.7) 
be re ree ene er rr Arr e (4344.3-7401.2) 
ee RET Creer Oe re errr T eee (4338 .0-7356.6) 


JO Johnsburg deposit................. 


ee ee eee ee (4336 .0-7359.2) 


Locality latitudes and longitudes given in degrees, minutes, and tenths of a minute, from quad- 


rangle maps. 
Rock types: S/GV__ syenite-Grenville skarn. 
GVAM Grenville amphibolitic facies. 


Garnet types: G granular; P poikiloblastic; X porphyroblastic individuals, megascopic; XH large porphyro- 


blasts with hornblende rim. 


Composition 

The garnets, regardless of textural type or 
host facies, are all approximately 85 to 65 
per cent pyralmandite and 15 to 35 per cent 
lime garnet. The major compositional varia- 
tion is the Mg**+/Fe*+ ratio (ionic), which 
ranges between about 45,40 and 15/50, equiv- 
alent to from 1.12 to .30. As the magnesium 
content drops both Fe*+ and Ca?** increase, 
roughly in proportion to their general abun- 
dance (Fig. 9). To what extent the relative 
abundance of the Mg*+, Fe?+, and Ca** ions 





in the 8-co-ordination lattice positions reflects 
their relative availability at the time and place 
of garnet formation is not known. However, 
the more magnesium-rich (pyropic) garnets 
occur in the more mafic facies (gabbro and its 
metamorphic derivatives), while the less pyro- 
pic and disproportionately calcic garnets are 
found in the less mafic (anorthositic) facies. 
With one exception (B14), all of the speci- 
mens, whether from the Barton ore, from the 
gabbro or metagabbro, from the anorthosite 
or meta-anorthosite, or from the hybrid facies 
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TABLE 5.—COMPOSITION AND PHysICAL PROPER- 
Tres, XH Type Garnet B110, Barton MINE 
































wt. Tons Ratios 
ee = o aa 

cent 
SiO. |39.29| Sit |.655 
Tio, | 0.05| Ti |.ou1| 3.96 
AlO; |22.12) Al*+ |.434 
Cr,0O; | 0.00) Cr .000; 444 2.00 
Fe,0; | 0.73) Fe -010 
FeO 19.63) Fe*+ |.273 
MnO | 0.38} Mn |.005 
MgO |11.48| Mg |.287) 5 5.06 
CaO 6.16} Ca |.110 
H,0- | 0.03 “Molecular” weight: 

450.9 

99 .87 Analyst: S. B. L. 

Formula: 


er Ce FeO ua)ae 
Equivalent: —— 1GRyANe 
eee gravity, 
877 + .005 measured at 26°C. 
3880 calculated. 
Lattice constant, ao: 
11.534 + 001 kx at 22°C, A 1.93208 kx. 
11.532 calculated. 
Refractive index, N: 
1.7658 + .0001, at 25°C, > 5893 A. 
1.764 calculated 
Dispersion (NTI-NLi): 0.0095 ‘at 25°C. 
Indentation hardness: 1250 + 50 (Knoop number), 
on 210 surface. 


Notes 

1. i. Calculated G based on molecular weight from 
chemical analysis and on ap as measured; G = 
1.65 WZ/a; , where Z = 8 mols/cell. 

3 Calculated a based on Fleischer’s (1937) 
values for lattice constants of end-members, applied 
to above chemical analysis. 

3. Calculated N ey on Ford’s (1915) average 
values for the index of end-members, applied to 
above chemical analysis. 

4. N measured by minimum deviation on 2 mm 
wedge ground to 22°18’. Also measured by immer- 
sion with thermal variation and high-index refractom- 
eter control: N 1.766 + .001 (25°C). 

5. Chromatic dispersion interpolated from N 
values measured by minimum deviation at \ 5400A, 
5893A, and 6800A. 

6. Garnet color: red in hand specimen; pink at 
60 mesh; pale pink in thin section. 


with syenite, fall within one small N/G field 
and one correspondingly small N/a» field (Fig. 
7, AG; Fig. 8). The close agreement of G, N, 
MnO, and FeO, as determined for these repre- 
sentative garnets, indicates that all fall within 
the rather restricted compositional range 


S. B. LEVIN—SOME ADIRONDACK GARNET DEPOSITS 


noted above. This is further confirmed by those 
cases for which the determination of the lat. 
tice constant a» permitted a mathematic] 
computation of the composition with an ae. 
curacy of approximately +1 molecular pe 
cent. 


TABLE 6.—PHYSICAL PROPERTIES OF GARNET Eyp. 
MEMBERS 


General formula: A;B2(SiO,); 























2 5 
Name a N G | ag(kx)* 

< | 
Pyrope...... PY | Mg | Al /1.705/3.554/11.44 
Almandite...} AL | Fe | Al |1.830)4.325)11. 495 
Spessartite...; SP | Mn | Al |1.800)4. 196)11.5% 
Grossularite..| GR | Ca | Al |1.735)3.582/11.80 
Andradite...| AN | Ca | Fe |1.895)3.838/12.045 











* Values of lattice constant ao increase by .023 
on conversion to Angstrom units. 


Compositional Variation 


In different facies.—On the basis of the data 
cited it appears that in the genetically related 
facies of the anorthosite-gabbro series, that is, 
in the gabbro, metagabbro, anorthosite, meta- 
anorthosite, syenite-gabbro hybrids, and syen- 
ite-anorthosite hybrids, the garnets constitute 
a single continuous series having a relatively 
limited compositional range. The only facies 
dependence noted is, as already mentioned, 
that the less pyropic garnets are found in the 
anorthositic facies, the more pyropic in the 
gabbroic facies. The variations in ferrous iron 
and in calcium are apparently inversely re 
lated to the Mg variation, but the Ca variation 
is probably also related to the anorthite con- 
tent of the primary plagioclase in the primary 
facies; i.e. garnets in anorthosite are dispro- 
portionately richer in lime than are those in 
gabbro. 

Within one facies —The best sampling within 
any one facies is that in the Barton ore itself 
which, on the evidence of petrographic grada- 
tion, bulk composition, and field relationships, 
is independently interpreted as a metamorphic 
facies of the gabbro. In this ore, the large 
garnets vary from Mg 35 to 45 atomic pet 
cent (of total divalent cations), with corre 
sponding variation in ferrous iron and lime. 
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GARNET COMPOSITION 


The Mn?+ remains approximately 1 per cent, 
as usual throughout the district, although in 
detail it varies with the Fe?* content. 

The sampling in other facies, especially in 
primary gabbro and anorthosite, leaves much 
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FicurE 9.—CoMPosITION VARIATION DIAGRAM, 
GARNETS OF ANORTHOSITE-GABBRO DERIVATION 


= 
o © 2 


to be desired. But in microscopic examination 
significant differences in composition are de- 
tectable, by the accustomed observer, as varia- 
tions in garnet color; since many more speci- 
mens were examined, in addition to those 
analyzed, without detecting any major color 
variations, it is concluded that the compo- 
sitional variation in the other facies is of the 
same order of magnitude as in the Barton ore. 
B-14 is an exception; under the binocular 
microscope it is notably darker than all other 
specimens in its vicinity, and proves to be 
much richer in iron and measurably richer in 
manganese. 

In individual garnets—In the very many 
garnets examined, no zonal color variation 
was noted and no peripheral optical anisotro- 
pism (such as characterizes some skarn garnets). 
That the large garnets of the Barton ore are 
nevertheless compositionally zoned is indicated 
by an analytical traverse across a diameter of 
the 19-inch garnet (PI. 2, Fig. 1) now on display 
in the Department of Geology, Columbia Uni- 
versity. Five samples (B 71-75)were taken at 
approximately quarter-radius intervals along 
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a diameter of a near-great circle section. The 
data (Table 2; Fig. 10) show that this giant 
individual, evidently a single crystal, became 
slightly but progressively poorer in Fe** as 
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Ficure 10.—VARIATION IN COMPOSITION AND Puys- 
ICAL Properties Across A DIAMETER OF ONE 
LarGE Barton GARNET, XH TyPe 


it grew larger. The Mg?*+/Fe*+ ratio ranges 
from 37/49 at the center, to 42/44 at the 
periphery (i.e., .75 to .95), while the lime con- 
tent remains essentially constant. 

The crystallization trend of ferro-magnesian 
minerals in basic magmas, as a rule, is such as 
to yield progressively smaller Mg/Fe ratios 
rather than larger. This zoning, therefore, does 
not support the view that the garnets are direct 
magmatic products, unless they grew from 
periphery toward the center rather than centrif- 
ugally; and there is no evidence of centripetal 
growth. 

Between textural types—The difficulty of 
separating adequate amounts of clean garnet 
of the corona (C) and the poikiloblastic (P) 
types limits the possibilities of comparing the 
compositions of garnets of the four major 
textural types (C, P, X, XH) in facies of the 
anorthosite-gabbro series. The data (Table 2; 
Fig. 8) indicate, however, that the compo- 
sitional differences between representatives of 
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the different types is not greater than the 
compositional variation within any one type. 
There is no significant compositional depend- 
ence on textural type. 


TABLE 7.—CoMPOSITIONAL COMPARISON, C TyPE 
AND XH Type GARNETS IN GABBROIC FACIEs, 
Gore MOvuNTAIN 




















N 
Unease | “momome” 
Pick css 41.30 39.29 
i ecces a .05 
AlO3..... 19.78 22.12 
Fe,O3..... 1.80 an 
WO.....0.65: 17.80 19.63 
Mn0O..... .49 .38 
MgoO... 10.60 11.48 
¢ Sane 6.98 6.16 
H,0-...... .54 .03 
Total. . 99.44 99.87 
Analyst S. J. Shand S. B. L. 
(1945, p. 257) 
Equivalent:| MguFessMnCaiy | MgisFesoMniCais 
AlgsFes AlgsFe2 





The close correspondence in composition 
between representative specimens of the two 
extreme textural types is shown by the chemi- 
cal analyses (Table 7) of one corona garnet 
(C type) and one hornblende-sheathed mega- 
crystal (XH type). The C type garnet is from 
the gabbro, about 150 feet north of the Barton 
quarry; the XH type is a typical specimen 
from the Barton ore. 


ANORTHOSITE-GABBRO SERIES 
General Discussion 


The rocks of this district are characterized 
by so many gradationally related textural and 
mineralogical variations that it is difficult to 
establish distinct types or facies among them. 
However, it is possible to characterize any 
variant satisfactorily in terms of the parental 
type or primary facies from which it was evi- 
dently derived, and the kind and degree of 
modification which it has undergone. 
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The major part of the Barton garnet deposit, 
the so-called “dark ore’’, is an extreme variant 
of the primary parental facies of the gabbro, 
of which it forms a peripheral portion; the 
“light ore”, along the southern margin is a 
hybrid variant of the syenite. The genesis of the 


Na x ao WAT 80 vd Ca 
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FicurE 11.—Composit1on DIAGRAM, PRIMARY AND 
SECONDARY MINERALS OF THE ANORTHOSITE- 
GaBBRO SERIES 


All Gore Mountain except 8 and 9 
. Primary augite in anorthosite. 
. Primary augite in gabbro. 
. Recrystallized augite in gabbro. 
. Metamorphic hornblende in meta-gabbro. 
. Deuteric and metamorphic garnet in gab- 
broic and anorthositic facies. 
6. Secondary hypersthene in meta-gabbro. 
7. Primary olivine in gabbro 
8. Hypersthene in anorthosite, Mt. 
Coe. 
9. Augite in anorthosite, Mt. Marcy (Leeds). 
10. Primary plagioclase in anorthosite. 
11. Primary plagioclase in gabbro. 
12. Late interstitial feldspar in anorthosite. 
13. Late interstitial feldspar in anorthosite. 
14. Recrystallized plagioclase in meta-gabbro. 
15. Recrystallized plagioclase, meta-anorthosite. 
ol “Rim” plagioclase in XH facies meta- 
gabbr 
S. ‘Shand’s (1945) analysis of Gore Mountain 
gabbro. 





a ee 


Marcy 


deposit is best described by tracing the courses 
of modification, beginning with the primary 
(magmatic) textures and mineral assemblages 
(Fig. 11). 


Primary Features 


Extensive bodies of purely primary facies 
are rare in this district. The original character 
of the undeformed anorthosite is best preserved 
in the area of anorthosite at the western end 
of the gabbro body. 

The rock is massive, coarse, very dark bluish 
to greenish black, and consists largely (90 per 
cent or more) of tabular plagioclase crystals, 
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Wvery many over an inch long. Thin sections re- 
¥ veal, at low magnifications, that the only other 
component mineral of volumetric consequence 
is augite, and that it bears a completely ophitic 
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magnesian minerals. Wholly unmodified gabbro 
is evidently to be found only on a micro-scale, 
in thin sections. These reveal the very close 
textural and mineralogical similarity of the 


Scale bar in each case represents 1 mm. 

A. Primary, ophitic anorthosite, Gore Mountain. 
Scale 35/1. Closely — crystals of “dusty” 
plagioclase (pf) with mesostatic “a 
(cp). Accessory garnet (G), hornblende (hb), and 
biotite (b) are secondary (deuteric). 

B. Anorthosite, Gore Mountain. Scale 3/1. 
Same as A; showing preferred orientation. 

C. Anorthosite, re Mountain. Scale 25/1. 
Portions of two primary plagioclase crystals (pf! 
and pf*) and an area of mesostatic clinopyroxene 
(cp) are shown. Along the plagioclase-augite bound- 
aries, but entirely on the plagioclase side, are 
minute grains of garnet (G) and occasional grains 
of hornblende (hb) and biotite (b). Except for faint 
wedging of twin lamellae in the plagioclase and 
several cracks in the augite there is no evidence of 
deformation. 

D. Anorthosite, Gore Mountain. Scale 17/1. An 
irregular grain of magnetite-ilmenite (black mt) is 
surrounded by deep red-brown biotite (b), which 
has replaced slightly wedge-twinned primary plagio- 
clase (pf) and possibly also some late interstitial 
potash feldspar (kf) with associated twinned albite- 
oligoclase. A grain of hornblende (hb) and several 
minute prisms of apatite (ap) are seen in the potash 
feldspar. 


FicurE 12.—MIcroGRapus OF Primary ANORTHOSITE, GORE MOUNTAIN 


relationship to the euhedral plagioclase crys- 


q tals. The clino-pyroxene completely occupies 


the triangular or polygonal (actually polyhe- 
dral) interstices between the plagioclase crys- 
tals, and on a micro-scale exhibits uniformity 
of optical orientation over considerable areas, 
including (for most mesostatic individuals) 
several interstices not visibly connected in the 
plane of the section. Another textural feature 
apparent at low magnifications is the fairly 
well developed preferred orientation of the 
closely packed plagioclase crystals (Figs. 12A, 
B). 
The primary gabbro is best represented by 
the medium-grained, massive, dark-green to 
gteenish-black rock found in parts of the core 
of the Gore Mountain gabbro body. Even these 
least modified parts have the characteristic 
brown speckled appearance of weathered 


Adirondack gabbro, due to the surface oxida- 
tion of small rosette-like clusters of ferro- 


primary gabbro and primary anorthosite, the 
gabbro differing chiefly in the less close packing 
and smaller size (0.5 to 8 mm.) of its plagio- 
clase crystals, the correspondingly greater 
prominence of mesostatic augite, and the 
presence of 3 to 15 per cent of olivine anhedra 
embedded in the augite. Magnetite-ilmenite, 
apatite, and spinel appear as minor accessories 
in the primary facies, and garnet, hypersthene, 
hornblende, and biotite appear locally where 
reconstitution had begun. Orientation of the 
plagioclase crystals is relatively poorly de- 
developed in much of the primary gabbro 
(Fig. 13A). 


Primary Minerals 


Plagioclase—The primary plagioclase is dis- 
tinctive. It uniformly presents a roughly rec- 
tangular cross-section with dimensional ratio 
between 2.5 and 5.0; the direction of dimen- 
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sional elongation lies in the twin composition 
plane (010). Albite twinning is universally well 
developed, with distinct broad and narrow 
lamellae. Pericline twinning also occurs, and 








graphic plotting of the elements of the optical 
indicatrix for comparison with Duparc-Reip. 
hard plots. Composition determination by 
measurement of refractive index on cleavage 


Scale bars represent 1 mm. 

A. Primary ophitic gabbro, Gore Mountain 
Scale 10/1. Composite micrograph. Loosely packed 
crystals of “dusty” plagioclase Of with mesostatic 
clinopyroxene (cp' and cp?) enclosing anhedra o 
fresh olivine (ol). 

B. Gabbro (B52), Gore Mountain. Scale 17/, 
Several primary plagioclase crystals (pf! etc.), with 
inclusion-free peripheries, are shown with a single 
continuous individual of mesostatic clinopyroxene 
(cp). One end of crystal pf! is replaced by garnet (G) 
without evidence of contribution from or effect 
upon the adjacent augite. The other end of this 
crystal (pf') is partly replaced by biotite (b). 

Gabbro (B63), Gore Mountain. Scale 17/1, 
Similar to B, but representing a more advanced 
metasomatic replacement of the plagioclase (pf) by 
garnet (G), which now occupies all but the tip of 
the original crystal. The mesostatic augite (cp) en- 
closes six rounded grains of olivine (ol). 

D. Gabbro, Gore Mountain. Scale 17/1. Vermi- 
cular intergrowth of clinopyroxene with late inter- 
stitial potash feldspar, in primary gabbro. 

E. Gabbro, Gore Mountain. Scale 13/1. Vermi- 
cular clinopyroxene intergrown with late interstitial 
feldspar and optically continuous with mesostatic 
clinopyroxene. 
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combination albite-carlsbad twins are not un- 
common. Where other evidence of deformation 
is lacking, the twin lamellae are straight. 

The crystals are generally 140 mm. or 
more in length, the size variation being seriate. 
Larger sizes (5-40 mm) predominate in the 
anorthosite, smaller sizes (1-8 mm.) in the 
gabbro. 

Although it is the most abundant and petro- 
logically most important mineral in the Adiron- 
dack anorthosite-gabbro series, the primary 
plagioclase has never been directly analyzed 
chemically. Clean separation from its dark 
micro-inclusions is evidently not feasible. In 
the present study a considerable number of 
optical determinations were made, chiefly by 
direct measurement (on the universal stage) of 
the maximum extinction angle in the zone 
normal to 010. This was supplemented in a 
number of cases by measurement of the optic 
angle 2V, and by measurement and stereo- 


fragments in mechanically fractionated powders 
was used only for those wholly recrystallized 
facies in which the presence of no more than 
one type of plagioclase was assured. Each of 
these methods gives only the anorthite (An) 
percentage, the remainder being albite (Ab) 
plus orthoclase (Or). 

The measurements indicate that the pr- 
mary plagioclase of the anorthosite at Gore 
Mountain ranges from Ans: to Ange, with Ans 
predominant, and that of the gabbro between 
Ang and Ange, with Any; most common. Care- 
ful search failed to disclose any evidence d 


compositional zoning. Even the inclusion-free — 


border extinguishes optically with the corte- 
sponding internal twin lamellae. 

In the ophitic anorthosite and gabbro of the 
Gore Mountain district no antiperthite or per 
thite was found, but rather rare interstitial 
areas (.5-1.0 mm.) of clear feldspar with re 
fractive indices lower than 1.54 do occur. Some 
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of this interstitial feldspar is twinned and some 
is not, and the two types may be found side by 
side in the same interstice. Universal stage 
measurements show that one is albite-oligo- 
case (2V; = 80°-—84°, An 8-12), and the 
other anorthoclase (2Vx = 50°). But the amount 
of interstitial potash-rich feldspar observed, 
in the considerable number of thin sections 
studied, is much too small to account for more 
than a small fraction of the normative potash 
feldspar. It is therefore concluded that, while 
a small amount (a fraction of 1 per cent) of 
potash feldspar occurs interstitially, consider- 
ably more (about 3-7 per cent) occurs in solid 
solution in the primary plagioclase. 

A universal and characteristic feature of the 
primary plagioclase is the presence of minute 
inclusions (crystallites of spinel, possibly also 
pyroxene, hornblende, and rutile) in such pro- 
fusion as to render the feldspar dark (in anor- 
thosite) or nearly opaque (in gabbro) in thin 
section, at low magnifications. The peripheral 
zone of each plagioclase is generally inclusion- 
free but, apart from this feature, distributional 
zoning of the inclusions is exceedingly rare. 
The clear periphery is often lacking where 
plagioclase abuts against plagioclase, and the 
intercrystal boundary may be marked by a 
string (in section) of small green spinels larger 
than the internally included spinels. Adjacent 
to pyroxene or magnetite or garnet the plagio- 
clase is generally clear of inclusions. 

Pyroxene:—The primary pyroxene in both 
the anorthosite and the gabbro in the vicinity 
of Gore Mountain is a clinopyroxene, an augite. 
It is labelled primary because it is the only 
pyroxene found in ophitic relationship with the 
primary plagioclase, and the only one which 
can be traced into those portions of the gabbro 
or anorthosite where definitely secondary tex- 
tures and secondary mineral assemblages are 
absent. Its primary nature is further indicated 
by the fact that, in the gabbro, rounded but 
otherwise unaltered grains of olivine occur 
wholly enclosed in single individuals of the 
augite, 

The augite is colorless in thin section but 
locally clouded with small black plate-like in- 
clusions (magnetite-ilmenite?) which prefer- 
entially lie in the (100) plane. This plane is 
also the locus of very thin lamellae of ortho- 
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pyroxene, presumably exsolved. The lamellae 
are identifiable by analogy with similar lamel- 
lae optically continuous with larger areas of 
recognizable hypersthene developed at the 
periphery of primary augite where incipient 
recrystallization is in evidence. 

The augite is wholly xenomorphic toward the 
plagioclase, its grain shape being determined 
entirely by the interstitial spaces. Between the 
closely packed and roughly parallel plagioclase 
crystals of the anorthosite the clinopyroxene 
commonly appears as plates, but triangular and 
polygonal sections of augite are the rule in pri- 
mary gabbro. At low magnifications, and with 
the universal stage it becomes apparent that 
many such mesostatic areas of augite, not con- 
nected in the plane of the section, are identically 
oriented (in three dimensions) and represent 
parts of larger individuals up to 10 mm. or more 
in size. 

The composition of the primary clinopyrox- 
ene is estimated, from optical measurements, to 
be approximately CaysMgssFe2x (2V; = 54°- 
56°, ZAc = 45°-49°) in the anorthosite, and 
slightly richer in iron, CayMguFen, (2V,; = 
53°-54°, ZAc = 49°-56°) in the gabbro. The 
measured extinction angles are quite high, but 
this condition is believed to be due to the 
presence of Ti, Al, and Fe** ions in the lattice. 
Winchell (1933, pt. II, p. 230) cites an augite 
in which the presence of 0.58 TiO2, 5.24 Al,Os, 
and 2.02 Fe,O; is responsible for an increase of 
nearly 4° in the extinction angle over that of 
pure theoretical Ca-Mg-Fe augite. That such 
ions are present in the augite of the Adiron- 
dack anorthosite-gabbro series is indicated by 
Leeds’ (1878, p. 79) analysis of “diallage”’ 
from Mt. Marcy anorthosite; his analysis may 
be recast to 89.5 per cent (by weight) of 
CauMgesFe.7, plus 7.4 per cent Al,O;, 2.2 per 
cent Fe,0;, and 0.6 per cent TiO:. 

A feature of paragenetic significance is the 
occasional occurrence of primary vermicular 
clinopyroxene in an intergrowth association 
with interstitial anorthoclase and soda plagio- 
clase, the feldspars which have been independ- 
ently interpreted as “late stage”. The clino- 
pyroxene vermiculae in Figure 13D are in 
optical orientation with each other but yield 
no clue to their relationship with the mesostatic 
primary clinopyroxene of this rock. In the 
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example shown in 13E, however, the vermicu- 
lar pyroxene is optically continuous with the 
larger area of primary mesostatic augite, with 
which both the vermicular pyroxene and its 
associated alkali feldspar are evidently con- 
temporaneous. The feature may be regarded 
as corroborative evidence of the later crystalli- 
zation of the mesostatic augite as compared 
with the primary plagioclase. 

Olivine:—Olivine is an essential mineral (3- 
15 per cent) in the primary gabbro facies at 
Gore Mountain. Its occurrence in the gabbro 
does not appear to support the suggested 
(Buddington, 1939, p. 55, 215, and Table 48) 
dual classification of Adirondack gabbros into 
a saturated group and an undersaturated group 
having implicitly somewhat different origins— 
the former closely consanguineous with the 
anorthosite and the latter considerably less so, 
if at all. The Gore Mountain gabbro is defi- 
nitely undersaturated, yet it is closely con- 
sanguineous with the associated anorthosite. 
Moreover, olivine also occurs, even though 
rarely, in the anorthosite itself. 

Optic angle measurements by universal stage 
indicate range in composition of the olivine, 
from Fei; to Fes; in different specimens (2Vx 
ave. 84°-88°). In the undisturbed mesostatic 
pyroxene the olivine anhedra are fresh except 
for minor iron-oxide-stained cracks. Some of 
these cracks are restricted to the olivine; others 
extend into the augite; none enter the primary 
plagioclase. 

The olivine occurs exclusively as rounded, 
somewhat oval, anhedra, 0.2 to 3 mm. in di- 
ameter, wholly embedded in the mesostatic 
augite. Within single interstitial triangles of 
(continuous) mesostatic augite, two or more 
close but unattached olivine anhedra commonly 
have different optical orientation. This circum- 
stance, coupled with the facts that the olivine 
grains in the mesostatic augite are, in general, 
fresh and unaltered, and that their boundaries 
against the pyroxene are sharp and well knit, 
suggests the absence of peritectic or reaction 
relationship between these two minerals. Re- 
sorption of the (earlier-formed) olivine had 
evidently stopped when crystallization of the 
mesostatic augite took place. The paragenetic 
relationship of olivine to primary plagioclase is 
less certain; the two are not commonly found in 
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contact, but neither appears to display xeno. 
morphism towards the other. 


Modification of the Primary Features 


General Statement.—Modification of their 
primary textural and mineralogical features 
began, in part, before the gabbro and anortho. 
site were completely consolidated; it continued 
during and immediately after the final consoli- 
dation, and was either prolonged or renewed by 
the invading syenitic magma. The features now 
observed should theoretically be classifiable a 
magmatic, deuteric, and metamorphic, but sud 
clear-cut classification is, in fact, not feasible, 
Certain features at each extreme can be labelled, 
with some conviction, magmatic or meta- 
morphic, but many of the intermediate fea- 
tures fit into one pigeon-hole as well as into 
another. This suggests that the magmatic, 
deuteric, and metamorphic processes may have 
graded progressively into each other without 
marked interruption. Effective continuity of 
this kind would have been achieved presumably 
if the syenitic intrusion followed closely upon 
the consolidation of the anorthosite and gab- 
bro, while the latter were still hot. Such a 
history is compatible with field relationships 
and with independent petrographic evidence of 
the partial selective assimilation of gabbro 
and anorthosite by the syenitic magma, since 
the problem of heat requirement for such assimi- 
lation is thereby minimized. Progressive de- 
viation from the parental types is best traced 
first in the gabbro, then in the anorthosite. 

Early stage of coronation (C type garnet).— 
The earliest modification of the primary fea- 
tures of essentially undeformed ophitic gabbro 
and anorthosite is recorded petrographically 
as a selective and progressive metasomatic 
replacement of primary plagioclase by garnet. 
A high degree of localization of the garnet to 
those intergranular boundaries where primary 
mesostatic augite lies adjacent to the plagic- 
clase, marks these occurrences as representa- 
tive of the incipient stage in the development of 
the so-called garnet coronas. Close examina- 
tion discloses that, without exception, the 
emplacement of the garnet is accomplished 
wholly at the volumetric expense of the plagio- 
clase, and that the immediately adjacent py- 
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roxene is not involved. The micrograph (Fig. 
12C) of a typical case is especially instructive 
in this connection. Any doubt as to the entirely 
passive role played by the contiguous pyroxene 
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replacing the primary plagioclase, suggests 
either that the same environment favored the 
simultaneous growth of the anhydrous silicate, 
garnet, and the hydroxyl-bearing silicates, bio- 


Scale bars represent 1 mm. 

A. Metagabbro, north edge of Barton deposit. 
Scale 11/1. Wholly granoblastic. Irregular poikilo- 
blasts of garnet (G) with inclusions of hornblende 
and plagioblase; anhedra of hornblende (hb), clear 
plagioclase (pf), and orthopyroxene (op). 

B. Metagabbro, north = of Barton deposit. 
Scale 6/1. Coarse, granoblastic facies, with poikilo- 
blast (P type) garnet (G) in matrix of hornblende 
(hb), clear plagioclase (pf), and hypersthene (op). 

C. Gabbro, Gore Mountain. Scale 17/1. Primary 
dusty plagioclase (pf) replaced peripherally and 
along cleavages by corona garnet (G); primary 
mesostatic augite (cp) in part recrystallized to 
granular aggregate of augite; primary olivine (ol). 
Cluster of biotite (b) with spinel (sp) core, and 
associated hornblende (hb). 

D. Gabbro, Gore Mountain. Scale 17/1. Aggre- 
gates of secondary (deuteric) biotite (b), horn- 
blende (hb), and ilmenite-magnetite (mt), with 
primary olivine (ol) and recrystallized augite (cp). 

E. Metagabbro, north of Barton deposit. Scale 
6/1. Traces of residual olivine (ol) and corona garnet 
(dotted) associated with granoblastic hornblende 
(hb), hypersthene (op), and clear plagioclase. 

. Barton ore matrix. Scale 8/1. Coarse grano- 
blastic hornblende (hb) with clear anhedral plagio- 
ny a and minor hypersthene (op) and bio- 
tite (b). 


FicurE 14.—MIcROGRAPHS OF METAGABBRO, GORE MOUNTAIN 


in this early stage of garnet formation is dis- 
pelled by other cases (Figs. 13B, 13C). In some 
instances garnetization has progressed from 
one end of the crystal inward along (010) 
cleavages by selective replacement of one set of 
twin lamellae. Plagioclase crystals pf! and pf? 
(Fig. 14C) show this type of replacement. The 
usual distribution of the garnet, however, is in 
general along those peripheral portions of the 
plagioclase which bound the mesostatic augite. 

Plagioclase-to-plagioclase boundaries, as a 
tule, are not garnetized. Figure 15B illustrates 
a mature stage of coronation: the garnet sur- 
rounds the triangular interstice occupied by 
the (recrystallized) augite but is not found along 
the inter-plagicclase boundaries between crys- 
tals pf and pf*, or between pf? and pf?. 

The association of biotite and hornblende 
with the garnet (Fig. 12C) in this early stage 
and in a manner indicating that the three 
minerals were essentially contemporaries in 


tite and hornblende, or that there was a fine 
balance between the conditions favorable to 
the one and those favorable to the others. 
Magnetite with more or less ilmenite is also 
found in close association, particularly with a 
deep red-brown biotite in facies exhibiting 
slight to moderate modification of the primary 
features. The magnetite, or magnetite-ilmenite, 
occurs generally as grains of highly irregular 
shape suggestive of deuteric formation rather 
than by free crystallization in a melt or solu- 
tion. It displays no tendency to replace primary 
plagioclase but is found in interstitial loca- 
tions, which suggests that locally it may have 
replaced mesostatic augite (Fig. 12D). 

A direct genetic relationship between the 
magnetite and the biotite is strongly indicated 
by the very common occurrence of magnetite at 
the core of biotite clusters. It would appear 
either that the magnetite grains were in part 
responsible for the localization of the biotite. 
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or that both were formed by and from the same 
solutions—the biotite first, then the magnetite. 
Less prominent at this early stage, but in- 
creasing as modification progressed, is the oc- 





pyroxene is now represented by a granular 
aggregate of clear, recrystallized augite, the 
individual grains having random optical oriep. 
tation. The recrystallization is from augite to 


Scale bars represent 1 mm. 

A. Gabbro (B52), Gore Mountain. Scale 17/1, 
Each of three primary plagioclase crystals (pf, 
pf, pf*) is partly replaced by corona stage garnet 
(G). A portion of the mesostatic clinopyroxene 
(cp) is recrystallized to a granular mosaic of small 
(.2 mm), clear grains of augite in which a grain of 
hornblende (cross-hatched) has also formed. Ap 
irregular grain of magnetite (mt) is sheathed in 
deep red-brown biotite (b) which replaces plagio. 
clase and possibly augite. The garnet, biotite, 
hornblende, and magnetite are secondary, probably 
deuteric. 

B. Gabbro (B201), Gore Mountain. Scale 17/1, 
Three crystals of primary plagi (pf, pf, pf) 
are unmodified except for local replacement by 
corona garnet (G). An originally continuous triangu- 
lar interstitial augite is represented by a granular 
mosaic of small, clear grains of recrystallized augite 
(cp’’). Between the augite mosaic and the garnet 
corona is a mixed zone of intergrown clear plagio- 
clase and clear augite with minor pethcred 

C. Gabbro (B15), Gore Mountain. Scale 17/1. 
Only two small areas (pf) of primary “dusty” 
plagioclase survive, the remainder being extensively 
replaced by corona stage garnet (G). One fragment 
of primary augite (cp’) survives, the remainder of 
the mesostatic individual being recrystallized toa 
mosaic of clear, fine-grained augite (cp’’), enclosing 
a residual grain of olivine (ol). Between the (cp”) 
aggregate and the garnet corona is a very narrow, 
discontinuous moat of clear, fine-grained plagioclase. 


FicureE 15,—MicroGrapus or CORONATED GABBRO, GORE MOUNTAIN 


currence of irregular grains (up to .3 mm.) of 
deep-green spinel in close association with the 
magnetite or actually taking its place at the 
core of biotite clusters (Fig. 14C). 

Since these features are found in the least 
deformed portions of the anorthosite and gab- 
bro bodies, but are not found in the definitely. 
metamorphosed peripheral portions next to 
syenite, they are attributed to the earliest 
processes operative in the consolidated rock 
after crystallization of the essential minerals 
—to the so-called deuteric processes. 

Granulation and recrystallization of the augite. 
—Earliest deformation of the primary gabbro 
is manifested by the fracturing, granulation, 
and recrystallization of the primary mesostatic 
clinopyroxene. Examination of suites of gabbro 
and metagabbro specimens discloses all grada- 
tions, from those in which the mesostatic pyrox- 
ene is only slightly fractured to those in which 
each originally continuous area of mesostatic 


augite, the major changes being in grain size 
and shape and in the elimination of inclusions. 
Optical determinations indicate only minor 
differences in composition between the pri- 
mary clinopyroxene (2V = 534°, ZAc = 52°) of 
the gabbro and its recrystallization derivative 
(2V = 53°, ZAc = 424°). These two pyroxenes 
are nevertheless readily distinguishable be- 
cause of the smaller grain size (.1-.5 mm.), the 
absence of inclusions, and the lack of ortho- 
pyroxene lamellae in the recrystallized product. 
In this stage (Fig. 15) the olivine grains charac- 
teristically survive, apparently unchanged, 
through the granulation and recrystallization 
of the augite; the minute, opaque, schiller-type 
inclusions of the primary augite are characteris 
tically eliminated during the recrystallization, 
as are the orthopyroxene lamellae. The hyper- 
sthene grains which develop along the pe 
riphery of partly granulated primary augite, 
or within the granular aggregates of recrystal- 
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lized augite, are probably derived from those 
lamellae. 

It is not clear whether the recrystallization 
of the primary augite was deuteric or an exo- 
morphic process superimposed upon the corona- 
tion program. Since in the definitely exo- 
morphic portions of the gabbro modification of 
the augite consisted of complete reconstitution, 
its simple recrystallization in the remainder 
of the gabbro may have been endomorphic. 

Advanced stage of garnet corona formation.— 
Metasomatic replacement of plagioclase by 
garnet evidently continued during the granula- 
tion and recrystallization of the pyroxene until 
the garnet, entirely of the corona or rimming 
type, constituted 20 to 25 per cent of the rock 
by weight. The modified gabbro at this stage 
(Fig. 15 B, C) consists of: (1) irregular areas of 
residual primary plagioclase; (2) mosaic ag- 
gregates of recrystallized augite, with residual 
fragments of primary mesostatic augite; (3) 
residual grains of primary olivine embedded in 
the granulated pyroxene; (4) abundant garnet 
of the corona type; (5) a few per cent of biotite 
and hornblende; (6) traces of hypersthene, 
magnetite-ilmenite, spinel, and apatite. In 
mode (Table 8, Fig. 16) and in bulk composition 
(Table 9, Fig. 17) as well as in texture the 
facies of this stage reveal their close relation- 
ship to the less reconstituted and to the more 
reconstituted facies with which they are asso- 
ciated. 

Relics of the primary ophitic texture are 
readily found even in facies in which nearly 
half of the primary plagioclase is replaced by 
garnet and nearly all of the pyroxene is re- 
crystallized. From the residual areas of primary 
plagioclase the outlines of the original crystals 
can be traced, and the original triangular or 
polygonal areas of mesostatic clinopyroxene 
are also traceable in the shape and disposition 
of the granular aggregates of recrystallized 
augite. 

The sharp, and generally straight, boundary 
between the mesostatic pyroxene and the 
corona garnet becomes less distinct in later 
states of coronation. As granulation of the 
primary pyroxene proceeds, that boundary be- 
comes irregular and is commonly characterized 
by a narrow zone of mixed garnet and clino- 


pyroxene, with a considerable amount of fine- 





grained, clear plagioclase (Fig. 15B) and, in 
some cases, minute scattered grains of horn- 
blende. In other, more advanced cases, the 
boundary zone is cleared of both pyroxene and 
garnet, and a narrow moat-like zone of clear 
plagioclase is formed as small twinned anhedra 
(Fig. 15C). The exact derivation of this plagio- 
clase zone is not clear, but it is not a corona 
mineral in the sense that the garnet is. 

Stage of poikiloblastic anhedral garnet (P 
type).—From the central part of the Gore 
Mountain gabbro toward its southern pe- 
riphery, one traces relics of the primary miner- 
alogy and textures to within 10 or 20 feet of 
the Barton garnet deposit. From there on the 
mineralogical and textural changes are rapid 
and striking; they are certainly directly related 
to the intrusion of the syenite magma and are 
metamorphic in the orthodox sense, 

Within this relatively short distance, the 
last vestiges of ophitic texture and of the pri- 
mary grain sizes and shapes are eliminated and 
the coronated gabbro gives way to a wholly 
reconstituted granoblastic metagabbro. In 
place of the corona type of garnet one finds 
highly irregular but nevertheless individualized 
garnets, 1-3 mm. in size, containing many 
large inclusions of all the associated minerals. 
These poikiloblastic garnets (P type) have 
clearly resulted from a grain-growth recrystal- 
lization in which the substance of the more 
widely scattered and generally finer-grained 
corona garnet contributed to and was consumed 
in the growth of larger but fewer garnet indi- 
viduals. This recrystallization was accomplished 
without significant change in the chemical com- 
position of the garnet. Moreover, the total 
amount of garnet in the rock is essentially 
unchanged (column 5, Table 8). 

Concurrently with this very significant 
change and within the same narrow transition 
zone, the olivine and the clinopyroxene of the 
gabbro disappear (Figs. 14A, B). In their 
place hornblende develops abundantly and 
orthopyroxene appears as sizeable, discrete 
grains. The last traces of primary plagioclase 
disappear, yielding by recrystallization a new 
and distinctive but less abundant generation 
of plagioclase. 

The new or secondary plagioclase is water- 
clear, being entirely free of inclusions, and 
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occurs as sub-equant anhedra 0.5-2.0 mm. in _ plagioclase as irregular anhedra ranging in size 
size. The secondary plagioclase is distinctly from 0.2 mm. to as much as 5 mm. No diopg. 
different in appearance from its primary dic lamellae were observed. The grains ar 
antecedent, but the compositional range of the strongly pleochroic from deep pink (X’) ty 


TABLE 8.—MopEs OF GABBRO AND META-GABBRO FACIES 
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Legend. pf:1 and pi:2, primary and recrystallized preemies: x:1 and cpx:2, clinopyroxene, primary 
and recrystallized; ol, olivine; opx:2, orthopyroxene; hb, hornblende; bio, biotite; gar, garnet, C, P, X, and 
XH textural types; mt, magnetite and ilmenite; sp, spinel; ap, apatite; pyrite is a minor or trace accessory 
in several of these facies. 
Modes are given in weight per cent. 
1. Hypothetical garnet-free primary gabbro; calculated mode. 
. Corona-garnet facies (B201); 150 ft. north of Barton mine. 
. Corona-garnet facies (B 15); north edge Barton mine. 
. Corona- et facies (B201a); about 150 feet north of level 3 of Barton mine. 
. Poikiloblastic-garnet facies of metagabbro (B3); north edge of Barton mine. 1.6% calcite omitted. 
Pm Poikiloblastic and non-poikioblastic crystals garnet facies of metagabbro (B2); north side of Barton 
eposit. 
7. P and X garnet facies similar to 6 above; mode by electromagnetic and Clerici fractionations; north 
side of Barton deposit. (B2a). 
8. Barton ore, typical “dark” ore, XH facies metagabbro. (B110); level 3, Barton mine; mode by con- 
bination of fractionation and micrometric analysis. 
9. Barton ore; total mode calculated from (a) matrix mode, by fractionation, (b) average garnet content 
from mine and mill data, and (c) hornblende rim proportions, by measurements. 
10. Amphibolite facies (B200); Barton mine. 
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secondary plagioclase is Ang to Ame, essenti- pale greenish gray (Z’); most exhibit parallel 
ally the same as that of the primary phase. extinction, but many, as measured in the plane 
Albite twinning is well developed, and for the of the section, extinguish at as much as 10° or 
most part the lamellae are straight, but evi- more from the cleavage. This circumstance may 
dence of deformation is found in the occurrence account for the reported presence of “clino- 
of some bent and wedged twin lamellae. hypersthene” in this metagabbro. Universal 

The orthopyroxene in this facies occurs in- stage measurements of these grains nevertheless 
timately intergrown with the hornblende and confirm the geometric identity of the optical 
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ANORTHOSITE-GABBRO SERIES 


indicatrix Z direction with the crystallographic 
c axis. The optic angle 2Vx ranges from 68° 
to 77°, indicating a composition in the range 
MgrsFex to MgsFeis. The reliability of the 
2V values for composition determination is, 
however, uncertain because of the possibility 
of residual strain (Hess and Phillips, 1940, p. 
280); the composition is therefore best esti- 
mated from the refractive index, Ng = 1.704, 
which indicates MgnFens. 

The hornblende occurs as irregular anhedra 
of medium to coarse grain (1-5 mm)., with the 
usual well developed cleavage. Coal black in 
hand specimen, the hornblende is strongly 
pleochroic light brown or green-brown to dark 
brown in this section. It is occasionally twinned, 
with (100) as the composition plane, and is 
remarkably uniform optically, having a large 
optic angle, 2Vx = 94°, and small extinction 
angle, ZAc = 16°. Small blades of biotite and 
small irregular grains of magnetite are asso- 
ciated with the hornblende. 

The presence in this metagabbro of H,0O, F, 
and CO, in combined form, in the hornblende, 
in the biotite, and in the traces of carbonate, 
suggests introduction of volatiles into the 
gabbro during its peripheral metamorphism by 
the syenite magma. However, there is no other 
evidence of significant addition of material to 
(or removal from) the gabbro; as nearly as can 
be estimated, the new mineral assemblage is 
practically equivalent in total bulk compo- 
sition to that of the corona-bearing gabbro 
(Table 9, Columns 2, 3). 

Stage of megascopic, non-poikilitic garnet 
porphyroblasts (X type).—The individualized 
but very small (1-3 mm.), irregular, and 
characteristically poikilitic garnets of the pre- 
ceding stage grade within a few feet into clear, 
red, spherical or dodecahedral crystals ranging 
up to about 1” in diameter. These garnets, free 
of inclusions, are set well apart from each 
other in a coarse-grained matrix of black (in 
hand specimen) hornblende and white plagio- 
clase. This facies is the northern edge of the 
Barton deposit and is mined as garnet ore. 

Approximate modes representing the transi- 
tion between this stage and the preceding one 
are given in columns 6 and 7 of Table 8. The 
matrix mineral assemblage, as seen in thin 
section, is essentially as in the last stage, con- 
sisting of coars. (1-5 mm.) hornblende anhedra 
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(green to brown and strongly pleochroic) ; clear, 
sub-equant, 0.5-2 mm. grains of secondary 
plagioclase; minor, small, irregular grains of 
strongly pleochroic hypersthene; occasional 
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FicurE 16.—Mopres oF GABBRO AND META- 
GABBRO Facies, GoRE MOUNTAIN 
Data of Table 8. 
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Ficure 17.—BuLk Compositions OF GABBRO AND 
METAGABBRO Facies, GORE MOUNTAIN 

H: hypothetical garnet-free primary gabbro, 
calculated. 

Ca: corona garnet facies, by chemical analysis. 

Cc: corona garnet facies, as calculated from 
mode and mineral analyses. 

P: poikiloblastic garnet facies. 

XH: Barton dark ore XH garnet facies. 

15: Buddington’s (1939) average of 15 Adiron- 
dack meta-gabbros for comparison. 


- - sae 


small blades of red-brown biotite. Neither 
lineation nor foliation is observed either in 
thin section or in the rock in place. The tex- 
ture of the matrix in which the garnet porphy- 
roblasts occur is xenoblastic granular. 

The differences between the modes of B2 
and B2a (columns 6 and 7) are due partly to 
the methods used and partly to normal varia- 
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tion in mineral proportions in these relatively 
coarse-grained facies. Mode B2 was made 
micrometrically using a Hurlbut integrating 
counter, with mechanically driven stage, to 


TABLE 9.—BuLK COMPOSITIONS OF GABBRO AND 
METAGABBRO FACIES 














1 2 3 4 5 
SiO, 47.73) 47.5 | 46.1 | 46.3 (47.30 
TiO, .65 an .6 .7 | 1.76 
Al,O; 16.39) 16.8 | 17.2 | 16.2 {16.55 
Fe,0; ae ee) 2S 2222 
FeO 11.17) 10.2 | 10.9 | 9.4 |10.24 
MnO . a a a .19 
MgO 11.07} 11.6 | 10.4 | 11.8 | 7.53 
CaO 8.04) 9.0} 9.0] 9.2 | 9.09 
Na,O 2:06. 2.21 2.3'| 27) 2.95 
K,0 48) .7 a .6| .83 
H,0+ 96 «1 .6 a ae 
P.O; .28} tr tr — 31 
Other...... —_ — — _ .36 
Tete)... ...5. 100.00)100.0 |100.0 |100.0 |99.89 




















1. Corona-garnet facies. Shand’s (1945) chemi- 
cal analysis, recomputed to 100. North of the Bar- 
ton mine. 

2. Corona-garnet facies, as computed from mode 
and mineral compositions. 

3. Poikiloblastic-garnet facies, Barton mine; as 
computed from modes and mineral compositions; 
CO: subtracted. 

4. Barton ore (XH garnet facies); as computed 
from mode and mineral compositions. 

5. Buddington’s (1939, p. 221) average of 15 
Adirondack metagabbros, for comparison. 


record linear traverses at 1 mm. intervals. For 
B2a 21.59 grams (equivalent to the mass of 324 
thin sections) of 30 to 40 mesh crushed sample 
was fractionated, first with Clerici heavy liquid 
to separate the garnet, and then by electro- 
magnet to separate the plagioclase from the 


other ferro-magnesians. The powder loss was 


slight, and would at most increase the plagio- 
clase figure by 2 per cent. 

The most significant changes which mark 
the increase in size of the garnet at this stage 


are its expulsion of foreign inclusions, its de. 
velopment of the spherical or, less commonly, 
dodecahedral shape, and finally, the apparent 
reduction in total amount of garnet. The 
amount of garnet (11 per cent) found in the 
transition specimen B2 by linear micrometric 
analysis agrees with that found by fraction. 
tion (B2a), and both agree with the average 
garnet content of the ore as indicated by Barto 
mill data, (10-12 per cent garnet, according ty 
Mr. F. C. Hooper, former manager, Barto 
Mines). It is not known whether the difference 
between the 11 per cent of garnet (in the XH 
and X facies) and the 22-25 per cent (in theP 
and C facies) represents a reduction during 
metamorphism or a difference in amounts of 
deuteric garnet originally present in the cor 
of the gabbro as compared with the periphery, 
Stage of giant, hornblende-sheathed garnes 
(XH type).—The culmination of the recrystalli- 
zation growth of the garnet is represented by 
the giant individuals of the Barton garnet ore, 
Deep red, extraordinary in size, framed ina 
shell (in section a rim) of coal-black hornblende, 
and set in a salt-and-pepper matrix of hon- 
blende and plagioclase, these garnets make a 
spectacular showing in the walls and faces of 
the Barton quarry. The main body of the de- 
posit, including the bulk of the ore, is com- 
prised of this facies, which differs from the 
X facies in only two respects: (1) the garnets 
are larger; and (2) they are surrounded by 
hornblende shells. The composition and proper- 
ties of this garnet are essentially the same as 
those of the garnet of all the previously de 
scribed facies of the Gore Mountain gabbro. 
SIZE OF THE GARNETS: Most of the garnets are 
4-6 inches in diameter. The observed siz 
range is 1-20 inches or more, but exceptional 
single garnets 3 feet in diameter, and over 1} 
tons in weight, are reported to have been quar- 
ried here. Size distribution is seriatal both i 
the deposit as a whole and locally; within any 
small area of exposure, such as a square yard, 
the size range is quite narrow. Moreover, 
smaller garnets are in general more closely 
spaced than are the larger ones, and the matrix 
between garnets is completely devoid of fine or 
microscopic garnet. There is thus reason for 
believing that the garnet content in this facies 
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is somewhat uniform and that the local growth 
of larger crystais is compensated by their re- 
duction in number per cubic yard of rock. 

SHAPE OF THE GARNETS: A roughly spherical 
shape characterizes the majority of the garnets, 
but many dodecahedra are found (PI. 2, fig. 2). 
Less common are the highly irregular garnets 
whose shapes suggest fragmentation and partial 
resorption of garnet locally during the period 
of large garnet growth. One 6-inch spherical 
garnet was found to contain, as a core, two 1- 
inch dodecahedra from which it broke away 
readily because of an intervening film of 
chlorite. All others, however, were found to be 
visibly uniform and homogeneous throughout. 
Except for occasional crystals of biotite and 
hypersthene, the garnets are free of mega- 
scopic inclusions. A universal and economically 
important feature of the garnet is its well de- 
veloped close fracturing, which is co-ordinate 
with the regional joint system. 

HoRNBLENDE SHELL OR RIM: In cross-sec- 
tional exposure each garnet is surrounded by a 
rim which, in the third dimension, is a shell of 
roughly uniform thickness, concentric with the 
periphery of the garnet. The shell is composed 
of xenoblastic grains of coarse (3-25 mm.) 
hornblende, optically very similar to that of 
the matrix. In fact, the shell is not sharply 
bounded externally; it grades, though rather 
abruptly, into the hornblende-plagioclase ma- 
trix. Only megascopically can the effective outer 
boundary of the shell be located. The inner 
boundary is sharp megascopically and is, in 
many cases, separated from the garnet by a 
thin, irregular, discontinuous shell of glassy 
plagioclase (“rim plagioclase’), which appears 
to be associated with veinlets of late glassy 
plagioclase containing occasional large (1-4 
inch) crystals of pyroxene (hypersthene). Com- 
position and physical properties of the rim 
hornblende are given in Table 10. 

Matrix: The matrix between the sheathed 
garnets is coarse, xenomorphic granular horn- 
blende and plagioclase with orthopyroxene 
(hypersthene) and minor biotite. The average 
mode, as determined by linear micrometric 
analyses on thin sections of typical specimens, 
is given in the next column. 
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Ore matrix, mode 
Mineral Wt.% Composition 
hb 62.5 Optically same as rim hornblende 
pf 27.0 Or.sAbs.sAnso 
op 9.3 MgnFeos, Ng’ on (110) = 1.704 
bio 1.2 Not determined 


The plagioclase, as in the preceding facies, is 
anhedral, water-clear, 1-2 mm. in size, and 
albite-twinned. Its composition, which has 
considerable bearing on the genesis of the 
deposit, was determined by analysis of a frac- 
tionated sample of typical matrix plagioclase, 
and by numerous optical measurements. It is 
evidently slightly more calcic (Anse) than the 
primary plagioclase (Ams) of the gabbro. 


Matrix plagioclase 
SiO, 55.24 
AlO; 28.17 Analysis recast: Or.sAbso,sAnso 
Fe,0; .65 plus 3% femags. 
Maximum extinction angle, by 
U-stage: 
MgO .20 X’A (010) = 27° — 28°; Angs_s0 
CaO 9.75 N’pon (010) = 1.554; Anso 
Na,O 5.86 Optics: S. B. L. 
K:0 .09 
H,0 Yi 
100.13 


Analyst: S. J. Shand. 


The hornblende occurs as anhedra, .5-5 mm. in 
diameter, with optical properties very similar 
to those of the rim hornblende. The hyper- 
sthene is found as strongly pleochroic, rounded 
anhedra 0.2 mm.—1 x 3 mm.; many grains give 
evidence of peripheral alteration to hornblende 
or to biotite. 

MopE OF THE GARNET ORE: Accurate de- 
termination of the mode of so very coarse a 
facies is not feasible by petrographic methods, 
but for the purposes of comparison with other 
facies of the gabbro an approximate mode is 
computed by combining available data. Taking 
the average garnet content as 11 per cent 
(from mine and mill data), and the average 
weight ratio of rim hornblende to garnet as 1.37 
(independently determined), the weight of the 
hornblende shells is 1.37 x 11 per cent = 15 
per cent. The garnets and their shells together 
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TaBLE 10.—CompPosITION AND PuysICAL PROPERTIES OF Rim HorRNBLENDE B110h, BARTON Mn 








Wt. Mol | 





G = 3.172 + .005 (20°C). 
014 


021 


43.50 | 725 
| Np = 1.658 + .002 


130 Ng-Np = .018 
2Vx = 95° + .5 (45893). 


ZAc = 16°+ .5 


| 

| 001 
356 
| 

| 


| 
| 
129 Ng = 1.676 + .002 (45893): 
| 
| 
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041 Absorption: Z > Y > X. 
007 Color: in thin section, olive green, light brown, 
brown; at 60 mesh, green; in hand specimen, black. 





064 








Analyst: S. B. L. 





Structure type: Xo:A2BsCsYx 








Structural account Electrical 





Tonic ratios B | (-) 





22.74 45.58 
1.12 1.12 
ae 4 





























| 24.00 | 46.45 | 46.84 





thus constitute 11 per cent plus 15 per cent, been given above. By equating the matrix mode 
or 26 per cent of the ore. The remainder, 74 to 74 per cent, the total ore mode is computed as 
per cent, is matrix, whose micrometric mode has _ follows (Table 8, column 8): 
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TABLE 10.—CoMPOSITION AND PuysICAL PROPERTIES OF Rim HorNBLENDE B110h, BARTON Miye 
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thus constitute 11 per cent plus 15 per cent, been given above. By equating the matrix mode 
or 26 per cent of the ore. The remainder, 74 to 74 per cent, the total ore mode is computed as 
per cent, is matrix, whose micrometric mode has _ follows (Table 8, column 8): 
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Modes, weight per cent 

















Garnet 

Ore matrix , =. — Mineral Composition 
hb | 62.5/46.2) 15.0 | 61.2} As analyzed 
pf | 27.0)/20.0 20.0} As analyzed 
op | 9.3) 6.9 6.9} MgnFes 
bio} 1.2/ 0.9 0.9| Not determined 
gar 11.0 | 11.0} As analyzed 

100.0}74.0} 26.0 |100.0 




















No precision can be claimed for this mode, 
but the close agreement with the mode of the 
transitional (small garnet) facies B2a (Table 
8, column 7) independently obtained by frac- 
tionation, indicates sufficient reliability for 
use in evaluating the hypotheses of garnet ore 
genesis. 

BULK CHEMICAL COMPOSITION OF THE ORE: 
Using the computed ore mode, and mineral 
compositions as analyzed, or as indicated by 
optical determinations, the approximate bulk 
composition of typical ore facies was computed. 
The results (Table 9, column 4) may be com- 
pared with the bulk compositions of the poikilo- 
blastic garnet facies and the corona garnet 
facies as similarly computed, and with the 
composition of a specimen of the corona garnet 
facies as analyzed by Shand. The agreement is 
very close except for slight but not unexpect- 
able variations in magnesia and in ferrous- 
ferric iron. These three facies (C, P, XH) have 
essentially the same composition in spite of 
their different mineral assemblages and quite 
different textures. The hypothesis that the gar- 
net ore is simply a highly reconstituted facies 
of the Gore Mountain gabbro, based at first 
upon the existence of complete mineral and 
textural gradation between primary gabbro and 
the garnet ore, is thus supported by the evi- 
dence of their bulk chemical composition. 


SYENITE AND SYENITIC HyBRIps 
Primary Facies of the Syenite 


The southern edge of the garnet deposit, 
against the syenite, presents a complex array 
of facies and structural details whose signifi- 
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cance is better understood by approaching 
from the syenite side rather than from the 
gabbro side. 

The syenite at Gore Mountain, as elsewhere 
in the eastern Adirondacks, is quite variable in 
amount of quartz and in the relative amounts 
of the several ferromagnesian constituents. 
But the character of the feldspar present, and 
the habits of the dark minerals, are distinctive 
enough so that any significant departure from 
the local primary facies is recognizable. The 
mode of a typical specimen of the unmodified 
syenite, from an exposure 400 feet south of the 
Barton mine, is given in Column 1, Table 11. 
The fresh rock is pale olive green to gray green, 
medium-grained, and moderately foliated; 
weathered surfaces are a characteristic light 
buff or tan, faintly spotted or streaked. In thin 
section the bulk of the rock is observed to be 
composed of orthoclase microperthite occur- 
ring as anhedral grains, 0.5-2 mm. in diameter, 
with abundant “guttate” and spindle-shaped 
blebs of non-twinned plagioclase inclusions. A 
small but variable amount of plagioclase is 
present as individual clear anhedra, many of 
which are albite-twinned; the extinction angles 
indicate a composition between about Ang and 
Anes. The quartz occurs as irregular, sometimes 
elongate, anhedra (0.5-1.5 mm). Hornblende 
anhedra (0.5-2 mm.) tend to be elongate, and 
almost invariably exhibit embayed outlines 
against feldspar, but straight boundaries 
against other hornblende grains. The horn- 
blende is deep green ‘and strongly pleochroic. 
The clinopyroxene likewise is green, and highly 
irregular in shape. Dark schiller-type inclusions 
in the form of plates extending across some of 
the augite grains, and projecting beyond the 
embayed boundaries into the surrounding 
feldspar, give evidence of selective resorption. 
Irregular grains of magnetite, small prisms of 
apatite, and traces of hypersthene and titanite 
complete the mineral assemblage. Garnet is 
absent. 


Features of Transitional Facies 


In exposures nearer to and finally imme- 
diately adjacent to the garnet deposit, several 
striking changes in the syenite are noted 
(Table 11, Fig. 18). The plagioclase increases in 
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amount, and becomes more calcic, and more 
coarse; from an original 3 or 4 per cent the 
plagioclase increases to 80 per cent and even 
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more, meanwhile changing progressively from 
Ange to Ang. Clear of intergrowths at Any, it 
becomes locally antiperthitic at Any, and 


TABLE 11.—Mopes oF SYENITE AND SYENITIC Hysrip Facies 












































1 2 3 4 5 6 
Terr 61.9 69.3 1.1 0 . 0 
Sree 3.7 16.4 65.3 80 45 75 
css 55 ces 14.7 a 10.2 
Ree a 10.4 9.3 — 
GG ig kde cc 5.3 — _— 
Os xascess tr _— 14.3 | 
mt. 2.9 41 | 4.8 | 
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Modes in weight per cent. 


1. Primary syenite (B10); 400 feet south of Barton mine. 
2. Matrix of slightly contaminated syenite (B14), from along the south side of the mine; contains few 


garnet xenocrysts, 1-3 inches diameter, rimless. 


3. Matrix of syenite hybrid (B9) from syenite-ore contact; large garnet xenocrysts not included in mode. 


4. to 6. Feldspars 


in the matrix of syenite hybrids (B25, 13, 34) containing different amounts of xenolithic 


hornblende and rimless garnet xenocrysts 3-3 inches diameter; from syenite-ore contact, south side of 


Barton mine. 
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Ficure 18.—VARIATION IN COMPOSITION OF TOTAL 
FELDSPAR IN SYENITE AND SYENITE HyBrRips 
South side of Barton mine. Numbers at base of 
bars indicate composition of the modal plagioclase 
(in mol per cent anorthite) in each facies. Perthitic 
“potash” feldspar: kf. Plagioclase: pf. 


clears again to a single phase as the An content 
increases. Concurrently with these progressive 
changes in plagioclase composition and amount, 
the original, dominant, orthoclase microper- 
thite diminishes in amount, becomes non- 
perthitic, finally disappears; with it goes the 
quartz. 

Within a few feet of the contact with the 
garnet deposit, but still within the syenitic 
rock, xenolithic constituents appear. Small 
shreds and angular masses of coarse black 
hornblende up to several feet long become in- 
creasingly prominent, and with them are found 
numerous deep-red garnets 1-3 inches in 
diameter. Many of the garnets are euhedral; 
almost all are rimless. In composition these 
garnets are essentially the same as those of the 
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garnet deposit proper. Most of the garnets are 
embedded directly in the matrix of this hybrid 
facies, which consists dominantly of coarse 
(2-7 mm.), clear, anhedral plagioclase, Ans 
to Ans, and coarse hornblende; but many 
garnets are wholly in the hornblende masses or 
partly in hornblende and partly in the plagio- 
clase matrix. The present author agrees with 
Krieger (1937, p. 110) that the syenite appears 
to have separated the garnets from their 
hornblende rims; the larger garnets, originally 
enclosed in shells of hornblende, were partly 
“shelled” during incorporation in the syenite. 
The hornblende, in this hybrid rock, is appar- 
ently the same as that in the adjacent meta- 
gabbro. 

From the progressive change in the feldspar 
composition, the angular character of the xeno- 
lithic hornblende, and the unresorbed profiles 
of the garnet in the hybrid rock, it appears that 
the syenite magma was selective in its assimila- 
tion of the ore facies metagabbro. While the 
garnet and the hornblende of the metagabbro 
remained unassimilated, the plagioclase was 
evidently thoroughly made over, combined 
with the feldspathic content of the syenite 
magma, and then crystallized out as a new 
feldspar. The composition of the new feldspar 
was thus determined by the compositions and 
relative amounts of assimilated plagioclase and 
potential feldspar of the uncontaminated 
magma. 

The product of this partial and selective 
assimilation is a coarse-grained, garnetiferous 
hornblende-plagioclase rock of dioritic or soda 
gabbroic character, depending upon the amount 
of meta-gabbro locally incorporated and the 
extent of diffusion in the magma. The same, or 
very similar, rock type, found in numerous other 
adirondack localities in syenite, but without 
visible connection with gabbro or metagabbro, 
has been variously interpreted by earlier in- 
vestigators. 


Syenite-gabbro and Syenite-anorthosite Hybrids 


There are several other facies in which 
mineralogic and textural relics of ophitic 
anorthosite and gabbro occur. These are found 
chiefly at the western end of the Barton mine 
where syenite, gabbro, metagabbro, and anor- 
thosite meet. 


In the layered facies, at the western end of 
Level 1, a weathered, light-colored facies 
grades down-dip into fresh, dark-green, syenite- 
anorthosite hybrid carrying 5-25 per cent of 
angular hornblende patches or hornblende- 
rimmed pyroxene patches. Large (up to 50 
x 75 mm.), tabular crystals of labradorite 
(An;;), dark blue in hand specimen, and Carls- 
bad-twinned in many cases, are found in this 
facies of widely varying color index. The crys- 
tals are identical with the plagioclase of the 
primary anorthosite, and, in the hybrid, are 
believed to be xenocryst relics. In dominantly 
hornblendic matrix, the plagioclase crystals are 
commonly framed by red corona garnet. In 
dominantly feldspathic matrix, vestiges of the 
primary ophitic texture of the gabbro and of the 
anorthosite are represented by the triangular 
patches of granular mosaic pyroxene and de- 
rivative hornblende; the aggregate in many 
cases is framed from the matrix by corona- 
stage garnet. Where many such aggregates 
have survived in a cream-buff matrix of an- 
hedral plagioclase, the rock presents a charac- 
teristic hieroglyphic appearance. The features 
of each hybrid facies thus reflect not only the 
original composition of the invaded rock, but 
also the degree of metamorphic reconstitution 
undergone by that rock before hybridization. 

In the syenite half a mile south and southeast 
of the Barton mine, on the slopes of Gore 
Mountain, according to Krieger’s map, there 
are areas of syenite in which large labradorite 
crystals occur. The view (Balk, 1932, p. 21; 
Krieger, 1937, p. 52, 56) that these crystals, 
rather than being surviving xenocrysts, were 
indigenous in the syenite magma is not sup- 
ported by the evidence of the hybrid facies at 
the western end of the Barton mine. 


GARNETIFEROUS META-ANORTHOSITE FACIES 


Petrography 


The facies comprising most of the larger 
anorthositic body of the Gore Mountain area 
was described by Krieger (1937, p. 44) as 
largely Whiteface type: a light gray-white, 
medium-grained, dominantly (80-85 per cent) 
feldspathic, somewhat foliated rock, locally 
variable in color and texture, and grading into 
gabbroic anorthosite. 
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This rock bears no outward resemblance to 
the Marcy type in hand specimen or outcrop, 
except for the local occurrence of large plagio- 
clase crystals. In thin section, however, relics 
of primary, dark, euhedral plagioclase, meso- 
static clinopyroxene, and ophitic texture are 
locally preserved in a xenoblastic granular 
matrix. In spite of their extensive obliteration 
in this area, the local small-scale survival of 
these primary mineralogical and textural fea- 
tures reveals clearly that the parental type 
from which the present facies was derived was 
a normal ophitic anorthosite. It has here under- 
gone extensive granulation and recrystalliza- 
tion of a type more intense than that which 
produced the so-called protoclastic structure 
characteristic of much of the core facies 
anorthosite of the main Adirondack massif. 

In the resulting meta-anorthosite of the Gore 
Mountain area the history of protoclastic de- 
formation and granoblastic reconstitution is 
revealed especially by the feldspar. The early 
stages are represented by residual plagioclase 
crystals exhibiting all degrees of strain, frac- 
ture, and granulation. An extensive recrystalli- 
zation of plagioclase into plagioclase accom- 
panied and followed the deformation. The 
secondary plagioclase which resulted is domi- 
nant and distinctive; in sharp contrast with the 
primary crystals, it occurs as small (.5-2 mm) 
anhedra completely clear of inclusions. (In 
hand specimen the secondary plagioclase is 
characteristically dull white and medium- 
grained, as compared with the dark-blue or 
greenish, coarse-grained primary type.) The 
well developed twin lamellae of the clear 


anhedra are generally straight, but the occur- 


rence of a small percentage of bent or wedged 
lamellae indicate a chronological overlap of 
deformation and recrystallization. Minute blebs 
and tablets of antiperthitic potash feldspar in 
some of the secondary plagioclase indicate that 
exsolution was also a phase of the recrystalliza- 
tion process. 

The proportions of residual (primary) and 
recrystallized plagioclase in the meta-anortho- 
site at Gore Mountain are extremely variable. 
Of two specimens taken from the western part 
of the body, along the Gore Mountain road 
near the north and south borders, one showed 
no residual primary plagioclase, the other 


showed an estimated 5 per cent. A specimen 
from Pete Gay (elev. 3145 feet), nearer the 
center of the body, contains approximately 
equal amounts of primary and recrystallized 
plagioclase. Primary mesostatic augite is not 
common, being preserved only between sur- 
viving euhedral plagioclase crystals. But all 
stages of granulation, recrystallization, and 
metasomatic replacement of the primary 
clinopyroxene are represented here, as in the 
gabbro. In many roughly polygonal aggregates 
of granular recrystallized augite, representing 
former mesostatic areas, alteration to ortho- 
pyroxene or replacement by hornblende, magne- 
tite, and biotite is far advanced. Hypersthene 
is the dominant pyroxene in some specimens, 
but its petrographic setting leaves little doubt 
concerning its metamorphic origin as a phase 
of the reconstitution of augite. 


Garnet In Meta-anorthosite 


Garnet is a prominent accessory in all facies 
of the meta-anorthosite, and is locally abund- 
ant. Both the corona and the poikiloblastic 
stages of development are represented. Corona- 
garnet, as in the gabbro, is restricted to those 
spots where primary plagioclase has survived. 
But, since primary plagioclase survives in all 
but the recrystallized peripheral portions of 
the gabbro mass, corona-garnet is the char- 
acteristic type in most of the gabbro, whereas in 
the almost completely recrystallized anortho- 
sitic body the garnet occurs characteristically 
as irregular, small (1-5 mm.), poikiloblastic 
individuals scattered through the matrix of 
medium-grained, anhedral, white plagioclase. 
Somewhat larger non-poikilitic porphyroblasts 
(X type) occur more locally. In the less exclu- 
sively feldspathic facies, the garnet is commonly 
associated with the other ferro-magnesian 
constituents, chiefly hornblende with magnetite, 
biotite, and hypersthene, and occasionally with 
recrystallized augite. 

This association of individual garnet (por- 
phyroblasts) with the other ferromagnesian 
minerals locally takes the form of rounded 
masses or clumps up to 2 or 3 inches in di- 
ameter (Krieger, 1937, p. 45). More commonly, 
however, a crude alinement of the dark miner- 
als into short and irregular sub-parallel streaks 





or le 
site | 
here | 


Th 
Gore 
by K 
that 
clusis 
now 
and | 

Hy 
modi: 

Hy 
primz 
prodt 
assoc’ 
magn 

Hy 
well ; 
coron 
facies 
are al 
metal 

Hy 
const! 
meta 
syeni 
situ f 
“fight 
ore pi 
of an 
tion 
when 


repres 
stitut 
the or 
syenit 


men 


tely 
ized 
not 
sur- 


and 
ary 


ates 
ting 
‘ho- 
ne- 
ene 
ns, 
ubt 


cies 
nd- 
stic 


lu- 


ite, 
ith 


or- 


led 
di- 
ly, 
\er- 
aks 





GARNETIFEROUS META-ANORTHOSITE FACIES 553 


or lenticular clusters gives the meta-anortho- 
site a poorly developed, gneissoid foliation, 
here interpreted as secondary. 


ORIGIN OF THE BarRTON DEpPosIT 
Introduction 


The possible origins of the garnet of the 
Gore Mountain area were discussed in detail 
by Krieger (1937, p. 100-120), who reported 
that the evidence was insufficient and incon- 
clusive. In the light of the additional evidence 
now available the subject is reviewed here 
and four earlier hypotheses are re-evaluated: 

Hypothesis 1. The Barton deposit is a highly 
modified Grenville inclusion. 

Hypothesis 2.—The Barton deposit is a 
primary peripheral facies of the gabbro, the 
product of flow segregation (of the garnet and 
associated dark minerals) in the parental 
magma. 

Hypothesis 3.—The Barton XH garnets as 
well as the associated garnet types (including 
corona garnet) in the gabbroic and anorthositic 
facies, and in the contiguous (syenitic) facies, 
are all in situ products of post-syenite regional 
metamorphism. 

Hypothesis 4.—The Barton deposit is a re- 
constituted peripheral portion of the gabbro, its 
metamorphism induced by the intruding 
syenitic magma, and the XH garnets are in 
situ products of that metamorphism. But the 
“light ore” zone, between the Barton (“dark’’) 
ore proper and the syenite, is a surviving band 
of an older, pre-syenite hybrid, the consolida- 
tion product of a syntectic magma formed 
when anorthosite magma intruded and assimi- 
lated the peripheral portion of the gabbro. 
The X type garnets grew in that syntectic 
magma and are thus magmatic, indigenous in 
the hybrid facies, pre-syenite in age, and older 
than the XH garnets of the contiguous Bar- 
ton ore. 


Hypothesis 1. Modification of Grenville Inclusion 


This hypothesis, that the Barton garnet ore 
represents a highly modified or wholly recon- 
stituted lenticular inclusion of Grenville rock, 
the original having been caught up either in the 
syenite magma or in the gabbro-anorthosite- 


syenite magma, depending upon one’s view of 
Adirondack petrogenesis, was originally ad- 
vanced by W. J. Miller (1912; 1914, p. 81). He 
subsequently rejected it (1938, p. 399), but it 
is still accepted by some. 

Since no relic structural or textural features 
indicate a metasediment, this hypothesis must 
stand or fall on the chemical evidence of min- 
eral phases and bulk composition. The presence 
of garnet, a common and prominent product of 
contact metamorphism, probably first sug- 
gested this hypothesis. The garnet, then, 
should reflect compositionally the nature of 
the modified rock. Consideration of a limestone 
inclusion is eliminated at once; in that case 
the garnets would be the lime-rich grossularite- 
andradite variety rather than pyralmandite. 
Similarly, a siliceous (quartzitic) inclusion is 
ruled out by the high percentage of magne- 
sium component in the Barton garnets. 

It is not feasible, however, on the sole basis 
of garnet composition, to eliminate the possi- 
bility of derivation from a Grenville amphibo- 
litic lens. In the present study many garnet 
specimens were collected, especially in the 
Newcomb, North Creek, and Thirteenth Lake 
quadrangles, from Grenville metasediments 
and hybrid facies; some 15 of these were se- 
lected for partial analysis. Omitting two ob- 
viously skarn garnets, the N/G field of the 
others overlaps the iron-rich end of the N/G 
field of garnets from anorthosite-gabbro facies. 
The plots of several specimens from amphibo- 
litic Grenville facies fell within the field of the 
anorthosite-gabbro garnets. But in spite of 
this indicated compositional overlap, a struc- 
tural distinction exists between garnets in 
definite anorthosite-gabbro settings and those 
in definite Grenville amphibolitic setting: the 
former, when larger than about 1 inch in 
diameter, are non-poikilitic; the latter, when 
larger than about 1 inch, almost always contain 
abundant inclusions, usually of quartz and 
feldspar, and are quite irregular. Structurally 
the Barton garnets bear no resemblance to the 
garnets of definitely Grenville amphibolites. 

The bulk composition of the Barton ore 
does not rule out the possibly of derivation 
from a Grenville amphibolite. But since the 
ore is compositionally equivalent to the asso- 
ciated gabbro and grades into it, there is no 
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need for assuming the former presence of a 
Grenville amphibolite. 

Conclusions with respect to this first hy- 
pothesis are: (1) The ore could not have been 
derived from an inclusion of Grenville lime- 
stone or sandstone or quartzite. (2) The ore 
probably could have been derived from an 
amphibolite having the bulk composition of 
the gabbro, but there is no positive evidence of 
such derivation, and the habit of the Barton 
garnets argues against it. (3) The completely 
gradational relationship between the ore and 
the gabbro points to a genetic relationship 
quite independent of any Grenville involve- 
ment. 


Hypothesis 2. Primary Magmatic Segregation 


Others have variously implied and suggested 
that the garnetiferous amphibolitic peripheral 
facies of Adirondack gabbroic bodies is the 
product of flow segregation of primary ferro- 
magnesian minerals in a parental magma from 
which gabbro, anorthosite, and syenite were 
differentiated. A corollary of this hypothesis is 
that the texture and mineral assemblage of the 
massive, ophitic facies which forms the core of 
the gabbro bodies are secondary, the products 
of subsequent recrystallization. Balk (1931, p. 
352-4; 1932 p. 19, 56, 67) has been the chief 
advocate of this viewpoint, although he did not 
specifically apply it to the Barton deposit. 

The hypothesis implies an approximate 
equivalence in bulk composition between the 
core and the peripheral facies of the gabbro, 
as well as a textural and mineralogical grada- 
tion between them. For the southern periphery 
of the Gore Mountain gabbro body, these 
conditions have been confirmed by the present 
study. There is no structural discontinuity 
between the Barton dark ore and the gabbro; 
there is a continuous gradation, mineralogically 
and texturally, between the ophitic gabbro and 
the dark ore; and the coronated ophitic facies 
and the dark ore, as well as the intermediate 
granoblastic metagabbro, have essentially the 
same bulk composition. This, however, simply 
confirms the genetic relationship of the ophitic 
gabbro and the Barton dark ore as varietal 
extreme facies of the same body. It does not 
establish which is the original and which the 
derivative or reconstituted facies. 


The ophitic texture is regarded by the present 
writer, and would probably be accepted by 
most petrologists, as strong presumptive eyj- 
dence that the core facies is the primary one, 
This distinctive texture is found widely in basic 
igneous rocks where there is no evidence of 
subsequent metamorphism, and, conversely, 
the xenomorphic amphibolitic facies—in rocks 
of this composition—is almost universally asso- 
ciated with a metamorphic history. But there is 
more direct evidence on this point. 

Of the three major constituents of the core 
facies, two (the augite and the olivine) are 
characteristically igneous in origin, while the 
third (plagioclase of euhedral habit and Ang 
composition) is not characteristically meta- 
morphic. Moreover, two of the major constitu- 
ents of the peripheral facies (the hornblende and 
the garnet) are more characteristically second- 
ary than primary. 

From the fact that XH type garnets of the 
Barton deposit are more nearly subhedral to 
euhedral than are any of the other minerals 
(except some hypersthene crystals), it is in- 
ferred that their morphological habit, as well as 
their large size, must be attributed either to 
early growth in a magma, or to superior force of 
crystallization under metamorphic conditions. 
The specific gravity (4) of these giant garnets is 
nearly half again as great as that (say 2.7) of 
any (gabbroic) magma in which they may have 
occurred, and they are massive enough to have 
been subject to gravitational segregation in any 
but an unusually viscous magma. Yet there is 
no evidence of gravitational segregation or 
clustering of the Barton garnets; in fact, the 
larger are the more distantly spaced from each 
other. 

Further pertinent evidence is the nature of 
the slight compositional zoning of the large 
(XH) garnets. Since in the crystallization of 
femic magmas there is generally a progressive 
increase in the Fe/Mg ratio, one might expect 
that the large garnets, if magmatic in origin, 
and if zoned at all, would have peripheral zones 
relatively rich in Fe. Actually, there is a slight 
but progressive decrease in the Fe/Mg ratio 
from the center outwards. Furthermore, their 
morphology indicates normal centrifugal 
growth. 

In summary, the lack of gravitational segre- 
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gation and the inverse Fe/Mg ratio of the 
large Barton garnets, together with the mode 
and texture of the facies in which they occur, as 
compared with the ophitic gabbro, argue 
against a magmatic origin. 


Alternative Hypotheses of Regional or Contact 
Metamor phism 


Hypotheses 3 and 4 both treat the large 
hornblende-rimmed garnets (XH type) of the 
Barton dark ore as im situ products of the 
metamorphic reconstitution of gabbro. They 
disagree on three points: (1) the character of 
that metamorphism, whether contact or re- 
gional; (2) the time of metamorphism, whether 
pre-syenite, syenite, or post-syenite; (3) the 
origin of the X type garnet in the “light ore” 
facies, and whether contemporary with or 
older than the XH garnets of the contiguous 
dark ore. 

The determination of the genetic order in 
the sequence of garnet types is critical in the 
evaluation of these hypotheses. The present 
study has shown that the C, P, and X, and 
XH type garnets, in the coronated ophitic 
gabbro, in the granoblastic metagabbro, and 
in the dark ore, respectively, constitute a 
continuously gradational textural series, char- 
acterized by increasing grain size and pro- 
gressively more euhedral habit, and by a 
narrow range of compositional variation. It is 
inferred from these observations that the four 
textural types of garnets represent a parental 
type and its progressive derivatives. 

The XH type is not primary; location and 
petrographic evidence indicate that these very 
large garnets represent the most advanced 
stage of metamorphic garnet growth. The 
corona C type (1) is restricted to the ophitic 
facies or to residual-ophitic portions of other- 
wise recrystallized facies; and (2) was de- 
veloped exclusively by replacement of primary 
plagioclase. It is therefore inferred (1) that 
the corona garnet is secondary in origin; (2) 
that it is, however, most closely related to the 
primary facies; (3) that, on the direct evidence, 
the corona garnet could be either deuteric or 
meta-morphic; but (4) that, in either case, the 
corona garnet is the parental type. 





Hypothesis 3. Post-syenite Regional Metamor- 
phism 


In his Adirondack memoir (1939, p. 250-323), 
Buddington reported, in effect, as follows: (1) 
In those igneous rocks, including ortho-gneisses, 
which retain essentially their texture of mag- 
matic crystallization, no garnet occurs. (2) In 
the western Adirondack region, where the 
metamorphism was largely or wholly cataclas- 
tic, no garnet is found in any of the igneous 
rocks. (3) In the south-central region and in the 
north-central region (around the northwestern 
end of the anorthosite massif), where recrystal- 
lization was a major feature of the metamor- 
phism, garnet is prominent in gabbroic and 
anorthositic facies, and present though sparse 
in syenite and syenite-related granite; but it 
does not occur at all in facies classified by him 
as belonging to the younger granite series. 
Moreover, he noted (p. 298) that in the most 
intensely metamorphosed facies the garnet 
occurs “as disseminated euhedral crystals in 
contrast to the garnet coronas of an earlier 
stage”’. 

From the available evidence Buddington 
concluded: (1) that garnet formation was a 
regional phenomenon and related primarily to 
regional metamorphism; (2) that the differ- 
ence between corona garnet and the larger, 
more euhedral, porphyroblasts is simply a 
matter of variation in metamorphic intensity; 
(3) that there was essentially only one period 
of garnet formation, a period of post-syenite 
pre-younger-granite regional metamorphism. 

The unusually large, hornblende-rimmed 
garnets he attributes to the more favorable 
conditions found locally along the contact 
zones between two rock masses of different 
character, perhaps an appropriate combina- 
tion of rock composition, of pressure, stress, 
and temperature, and the adequacy of solu- 
tions for the transfer of material. Application 
of this hypothesis to the Barton and other 
deposits in the southeastern Adirondacks en- 
counters several difficulties. 

It is by no means clear that such favorable 
conditions are localized along the contact zones 
between two rock masses of different character, 
unless one refers explicitly to the intrusive 
character of an intrusive contact. And in that 
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case, what more favorable time than the time 
of intrusion? Why should the conditions be 
considered more favorable during some later 
and unrelated period of regional metamor- 
phism? 

In the southeastern Adirondacks the garnet- 
rich facies (other than in the Grenville) occur 
where syenite magma intruded members of 
the anorthosite-gabbro series; the garnet de- 
posits are found either along the intrusive 
contacts or in the hybridized relic bodies of 
gabbro or gabbroic anorthosite. The XH type 
garnets, which evidently represent the most 
advanced stage, are restricted to the syenite- 
gabbro contacts, both at the Barton mine and 
at Humphrey Mountain some 10 miles distant; 
the Barton deposit as a whole is essentially 
co-extensive with the syenite-gabbro contact. 

It may be argued that the gabbro or anortho- 
site, contact-metamorphosed by the syenite 
magma or hybridized by it, provided precisely 
the favorable setting required for later de- 
velopment of garnet by regional metamorphism. 
But there is no evidence for such an interpreta- 
tion in this region. In the north-central region 
(Santa Clara, Nicholville, Stark quadrangles) 
Buddington’s interpretation of garnet age is 
based in large part on the frequent occurrence 
of corona ‘garnet in syenite and its absence 
from the later granite; it is evidently also based 
upon an implied assumption that the corona 
and porphyroblast garnets in the gabbroic and 
anorthositic facies are products of the same 
(regional) metamorphic program which was 
responsible for the corona garnet in the syen- 
ite. To the present writer this assumption seems 
unwarranted in any case, and particularly 
inapplicable in the southeastern region, where 
the syenite is garnet-free and there is no evi- 
dence of post-syenite garnet. In the southeast 
it is more in keeping with the available evi- 
dence to interpret the preferential localization 
along syenite-gabbro and syenite-anorthosite 
contacts as genetically related to the direct 
metamorphic influence of the intruding syenite 


The problem of the age relationship of garnet 
to syenite in the southeastern Adirondacks is 
more directly approached by consideration of 
the garnet in the Barton light ore. According to 
hypothesis 3 the garnets in this facies, and those 


in the other facies, are in situ products of post- 
syenite regional metamorphism. The present 
study leads instead to the conclusion that the 
garnets were not indigenous in this facies, but 
are xenocrysts which had grown and were grow- 
ing as porphyroblasts in a gabbroic matrix until 
hybridization took place. 

That the light ore is a hybrid facies result- 
ing from partial assimilation of metagabbro 
by syenite magma is inferred from these obser- 
vations: (1) There is no structural discontinuity 
between the normal syenite and the light ore; 
(2) There is a structural discontinuity between 
light ore and dark ore; tongues of the former 
project irregularly into the latter and large 
angular fragments of the dark ore occur in the 
light ore along and near the contact; (3) The 
light ore is quite different from the syenite in 
composition but there is a continuous modal 
and textural gradation between them; (4) 
There is especially a continuous gradation in 
total feldspar composition from the normal 
syenite (approximately K,Nas:Caz) into the 
light ore (approximately K:Nas;Cays), and the 
direction of this variation is that which would 
result from the incorporation of metagabbroic 
feldspar. 

That the assimilative process was selective, 
affecting primarily the feldspar, and leaving 
fragments of coarse black hornblende as xeno- 
liths is inferred from these observations: (1) 
It is the feldspar which shows the very marked 
and progressive compositional gradation. (2) 
The hornblende of the hybrid facies is opti- 
cally and texturally like that of the dark ore, 
and unlike that of the normal syenite. (3) 


The hornblende of the hybrid facies (unlike 


that in the syenite) occurs in large, angular, 
and irregular, polycrystalline masses. (4) 
There is no evidence of resorption of the garnet. 

Finally, it is inferred that the large garnet 
individuals (X, and some XH) which occur in 
the hybrid facies are xenocrysts, because (1) 
they are identical in habit and in composition 
with the garnet prophyroblasts of the con- 
tiguous dark ore and metagabbro; (2) they are 
associated with and in some cases occur in the 
hornblende patches independently interpreted 
as xenolithic; (3) there are no garnets in the 
normal syenite in this area, not even corona 
garnets. 
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If these garnets are xenocrysts in the syenitic 
hybrid, they cannot be post-syenite. And if 
(as appears to be the case) they are congenetic 
with the garnet porphyroblasts in the (meta- 
gabbroic) dark ore, then the latter also can not 
be post-syenite. It may perhaps be argued that 
if these garnets are xenocrysts in the syenitic 
hybrid their formation must have antedated 
the intrusion of the syenite magma. But the 
evidence requires only that the garnets shall 
have attained the X stage of growth before the 
assimilative process took place. Moreover, 
there is, in the opinion of the writer, no evi- 
dence of any post-gabbro pre-syenite meta- 
morphism which, in the Gore Mountain area, 
could account for the development of the 
porphyroblast garnet. 

The evaluation of hypothesis 3 may be 
summarized as follows. The evidence supports 
the view that the P, X, and XH garnets in 
the gabbroic (and anorthositic) facies are con- 
genetic, contemporary, and metamorphic, and 
that they developed in situ. The evidence 
indicates that the porphyroblast garnets in 
the syenitic hybrid facies are contemporary 
with the corresponding garnets in the gabbroic 
and anorthositic facies, but not that those in 
the hybrid developed im situ. The view that 
the responsible metamorphic program was 
regional in character and the localization of 
large garnets only incidentally preferential is 
not supported; the evidence favors contact 
metamorphism. The evidence does not support 
the view that the garnets are post-syenite in 
age. Corona garnet does not occur in the syenite 
of the southeastern Adirondacks, and the 
evidence from this area throws no light on 
the origin and age of corona garnet in syenite 
elsewhere. The view that the corona garnet 
(in members of the anorthosite-gabbro series) 
is congenetic and contemporary with the 
porphyroblast garnet is neither confirmed nor 
refuted by the direct evidence examined thus 
far; but the view that the larger porphyroblast 
garnets resulted from the locally more intense 
metamorphic recrystallization is confirmed. 


Hypothesis 4. Double Contact Metamorphism 


Miller (1938) drew a major genetic distinc- 
tion between garnets without hornblende en- 





velopes and those with. He arrived at the 
general conclusions (1) “that the garnets 
without hornblende envelopes were produced 
where anorthosite magma reacted with or 
assimilated metagabbro inclusions”; and (2) 
“that the garnets with conspicuous hornblende 
envelopes were produced by dynamo-thermal 
action of quartz-syenite magma upon border 
portions of gabbro bodies, and upon inclusions 
of it in the syenite, no anorthosite having been 
involved in their genesis’. 

According to this hypothesis, the first type of 
garnet (the X type of the present report) is 
evidently magmatic, since (p. 401): “The ma- 
terial of the garnets was produced by the 
reaction between the anorthosite magma and 
the metagabbro, and conditions in the cooling 
syntectic magma were favorable for the growth 
of the large variably euhedral garnets”. The 
distinction between the X and the XH garnets 
is thus two-fold; the X garnets are magmatic 
and attributable to the assimilation of gabbro 
by anorthosite magma; the XH garnets are 
metamorphic and attributable to the contact 
metamorphism of gabbro by syenite magma. 
The genetic distinction is based primarily 
upon observations of field occurrence and 
facies association. Miller offered no explanation 
as to why the one process should produce 
rimless garnets while the other yields horn- 
blende-rimmed garnets. 

The distinctions made by Miller are not sub- 
stantiated. The essential identity of compo- 
sition and habit of the two sets of garnets indi- 
cate a very similar if not a common genetic 
process, and compositionally similar environ- 
ments. That the X and XH garnets at the 
Barton deposit are congenetic, contemporary, 
and metamorphic is especially compellingly 
shown by the evidence of the close and con- 
tinuously gradational relationship between XH 
garnet in the Barton dark ore and the associated 
X garnet on the metagabbro side of the mine. 
The only difference between these types, apart 
from the rim, is their size; in the gabbroic 
facies all the garnet porphyroblasts larger than 
a certain size (about 1 inch diameter) de- 
veloped rims. 

Particularly significant in hypothesis 4 is the 
sequence of events at the Barton deposit. Miller 
recognized there two transitional hybrid facies 
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between the syenite proper and the mine rock 
proper (dark ore): 


A. Syenite proper; no garnet. 
B. Basic syenite hybrid; hornblende-poor (1-3%); 
2-3% garnet, rimless and “‘little’’. 

C. Dioritic hybrid; hornblende-rich (30% approx.) ; 
10% garnet, rimless, size up to 1” diameter. 

D. Mine rock, gabbroic or gabbro-dioritic; horn- 
blende-rich; garnet-rich; garnets rimmed with 
hornblende, and 2-24 inches diameter. 


The sequence of events was outlined by Miller 
(1938, p. 406) as follows: 


“. . . the southern border portion of the body of 
gabbro was more or less intimately cut and assimi- 
lated by the anorthosite magma, producing a 
syntectic rock [i.e. the light ore, facies C] rich in 
fairly large garnets without hornblende envelopes. 
. . . conditions in the cooling syntectic magma 
were favorable for the growth of the large, variably 
euhedral garnets.... Then came the great in- 
trusion of quartz syenite magma which, on the 
south, cut out all the true anorthosite and variably 
digested or assimilated most of the then existing 
garnet-bearing syntectic rock [facies C], producing 
a new syntectic rock [facies B] with numerous small 
garnets, and leaving a band of the older garnetifer- 
ous syntectic rock [facies C], a few yeards wide, 
next to the mine”. It was at this same time “by 
metamorphism, induced by the rise of the great 
body of quartz syenite magma” that the “mine 
rock [i.e. the dark ore, facies D], with its large 
hornblende-enveloped garnets, was produced along 
the southern side of the body of gabbro .. . little 
if any material was added to the gabbro by the 
syenite magma, and so the nature of the meta- 
morphism was largely or wholly dynamo-thermal”’. 


This dual hypothesis, which Miller applied 
also to other garnet deposits in this area, is in 
keeping with his view that the gabbro differen- 
tiated out of the parent magma first, as a crys- 
tal cumulate, leaving a residual anorthosite 
magma capable of intruding some of the already 
consolidated gabbro. The present author does 
not accept this view. It is true that the oc- 
currence of anorthosite xenoliths and of indi- 
vidual xenocrysts of plagioclase in the syenite 
area south of the Barton mine suggest that the 
gabbro body may originally have been bounded 
on the south by anorthosite, prior to the syen- 
ite intrusion. But there is no direct evidence for 
regarding the anorthosite-gabbro contact as 
intrusive, and no compelling reason for resorting 
to such an involved dual hypothesis when a 
single intrusion (the syenite magma) with its 


attendant contact metamorphism and periph- 
eral hybridization can account satisfactorily 
for the observed features. 

One item of field evidence not mentioned by 
Miller appears to support his interpretation of 
the role of an anorthositic magma. On the 
north side of the gabbro body, along its contact 
with the meta-anorthosite, Krieger mapped a 
narrow zone, or lens, identified as “garnet 
gneiss”. Specimens from that zone were found 
by the present author to consist of small 
garnets set in a matrix typical of meta-rock of 
the anorthosite-gabbro series,—that is, con- 
sisting largely of granoblastic plagioclase and 
hornblende, but containing relics of the primary 
ophitic texture and the primary mineralogy. 
The garnets are red and approximately spheri- 
cal; most are less than an inch in diameter and 
rimless, but a few are 2-3 inches in diameter 
and have embryonic rims of coarse hornblende. 
A typical specimen of the garnet (B56) is 
identical in composition with the garnets of the 
Barton deposit. The plagioclase of the matrix 
ranges between Am; and An;;, corresponding 
as well with the plagioclase of the anorthosite 
as with that of the gabbro. But the relatively 
high color index (proportion of dark minerals) 
of this crudely foliated rock ally it more 
closely with the metagabbro than with the 
meta-anorthosite. 

The mineralogy, petrography, and setting 
of this garnetiferous zone, in the absence of 
contiguous syenite, thus appear to indicate 
some such genetic relationship between anortho- 
site and the development of garnet mega- 
crystals along the gabbro border as Miller 
suggested. But the absence of contiguous 
syenite may be deceptive; 6 or 8 feet more of 
erosion would have removed the patch of 
syenite hybrid which overlies the metagabbro 
at the western end of the Barton mine, and 
syenite may once have overlapped to the 
northern border of the gabbro. Moreover, the 
assumption that the anorthosite was intruded 
after emplacement of the gabbro is not war- 
ranted, in this area at least. General considera- 
tions make it much more probable that the 
gabbro is syngenetic in the anorthosite and, if 
anything, that the gabbro consolidated some- 
what later. 
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Hypothesis 5. Proposed hypothesis 


Loci and causes of large garnet growth. 
This hypothesis is intended to apply specific- 
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gabbroic and anorthositic bodies, where the 
intensity of metamorphic conditions was par- 
ticularly high. The progressive variation in 
size and morphologic development in the gra- 
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Ficure 19.—C, P, X, XH Serres or GARNET Types IN GABBROIC FACIES, SOUTHEASTERN ADIRONDACKS 


ally to garnet in the gabbroic and anorthositic 
rocks and in syenitic hybrids of these facies, 
in the southeastern Adirondacks. It is not 
meant to apply to corona garnet in normal 
syenite or granite. 

The growth of garnet porphyroblasts in 
facies of the anorthosite-gabbro series was in- 
duced by the rise and intrusion of the magmas 
of the syenite-granite series. Because of the 
magnitude of those magmas, as evidenced by 
the geographic extent of the syenite and asso- 
ciated granite, they evidently exerted regional 
as well as contact metamorphic influence. 
Hence, although garnet porphyroblasts are 
widespread in their occurrence in metagabbro 
and meta-anorthosite, they are especially 
prominently developed, and exceptionally large, 
along the intrusive contacts of syenite against 


dational series of garnet types (Fig. 19), such 
as occur in the gabbroic facies at the Barton 
deposit, must be attributed to this local varia- 
tion in metamorphic intensity. 

In addition to the thermo-dynamic localiza- 
tion of the larger porphyroblasts along or near 
the intrusive contacts, there appears to be 
preferential localization related to facies com- 
position: garnet is more abundantly and more 
prominently developed in facies of gabbro or 
gabbroic-anorthosite composition than in the 
more purely anorthositic facies where garnet 
is only sparsely developed, or absent. This 
apparent facies localization may represent a 
direct compositional control, so that garnets 
grew only in those facies, or local portions of a 
rock body capable of supplying, for example, 
the necessary Fe and Mg; or it may represent 
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an indirect control, such as that exercised by 
the presence of some feature whose earlier 
localization was related to the facies differences. 
The present writer favors the second alternative 
and believes that the controlling feature was the 
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Ficure 20.—Scuematic Section Across Bar- 
TON Deposit, ILLUSTRATING OCCURRENCE OF GAR- 
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INTRUSIVE CONTACT 


presence of pre-existing corona garnet, more 
extensively developed in gabbro than in anor- 
thosite. 

An important phase of the program of intru- 
sion and metamorphism attributable to the 
syenite magma was the hybridization effected 
through the partial assimilation of small 
bodies (or of peripheral zones of larger bodies) 
of gabbroic and anorthositic rock. Though 
difficult to reconcile with geo-chemical prin- 
ciples, the evidence indicates that the assimila- 
tive process was selective; that the plagioclase 
was more susceptible of assimilation, the 
hornblende and garnet much less so, if at all; 
and that consequently hybridization of meta- 
gabbroic (hornblende-rich) facies was limited 
to narrow peripheral zones, while hybridization 
of anorthositic (plagioclase-rich) facies was 
more extensive and thorough. 

It is significant that, in some cases at least, 
garnets had attained an advanced stage of 
porphyroblastic growth before assimilation 
finally overtook the rock in which they were 
growing. In the resulting hybrid facies, these 
garnets survived as xenocrysts, without fur- 
ther growth, while their congenetic equals in 
the adjacent gabbroic facies continued their 
growth to a more advanced stage. 

At Gore Mountain (Fig. 20), according to 
the hypothesis advocated here, the Barton ore 
proper (the dark ore) is a highly reconstituted 


peripheral portion of the gabbro, its meta- 
morphism induced by the intrusion of the 
syenite magma. The XH, X, and P type 
garnets, in the dark ore and in the adjacent 
metagabbro, developed im sifu at that time, 
the products of progressive recrystallization 
starting from the corona garnet as an initial 
stage. The most advanced stages of garnet 
growth (X and XH) were attained near the 
contact where metamorphic conditions were 
most intense. 

The narrow zone of light ore is a hybrid facies, 
the product of partial assimilation, by the 
syenite magma, of peripheral metagabbro 
whose garnets had already reached the large 
prophyroblast X stage of growth. In this 
hybrid facies they are xenocrysts, originally 
congenetic with the porphyroblast garnets (X 
and XH) on the gabbro side of the contact. 

Rimmed versus rimless garnets.—Substan- 
tiating evidence has already been cited for all 
but two of the features of this hypothesis, 
The first has to do with the genetic distinction 
between the hornblende-rimmed garnets (XH) 
and the rimless ones (X),—that is, with the 
origin of the hornblende rims. The detailed 
argument on this point is left for a later paper. 
The distinction is not a major genetic one, and 
in any event a comparison of the XH garnets 
of the dark ore with the X garnets of the light 
ore, as made by Miller, can not reveal their 
relationship. The true relationship is brought 
out by a comparison of XH garnets with X 
garnets in the same, i.e. metagabbroic facies. 
It then becomes clear that the critical differ- 
ence is size of the garnet, and that whether an 
individual garnet porphyroblast develops a 
rim, or not, depends only upon the size at- 
tained by the garnet individual and the horn- 
blende content of the matrix in which it grows. 
The rim is the hornblende displaced by the 
garnet in the course of its growth in a horn- 
blende-rich matrix; the larger it grows the more 
rim it accumulates. 

Corona garnet origin—The second feature 
concerns the origin of the corona garnet in the 
gabbro. The direct evidence indicates quite 
clearly that the corona C garnet was the initial 
stage, and that the more advanced types (P, 
X, XH) developed by progressive recrystalliza- 
tion of corona garnet. The textural difference 
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between the four types undoubtedly reflects the 
local variation in intensity, or duration of 
metamorphic conditions. If the corona garnet 
is a product of the same metamorphic program 
which produced the P, X, and XH types, then 
its distribution must represent the locus of the 
least intense conditions capable of developing 
garnet in these facies. But if it is an earlier 
endomorphic (i.e. deuteric) product of post- 
consolidation metasomatism in the gabbro, 
then it must have survived as such only where 
later metamorphic influences were incapable of 
recrystallizing it. In either case, the corona 
garnet can not be post-syenite as proposed 
by Buddington (1939, and in recent personal 
communications); it is either essentially con- 
temporaneous with the porphyroblast (P, X, 
XH) types and with the emplacement of the 
syenite, or it is older. The distinction does not 
affect the interpretation of later events in the 
genesis of the garnet deposits, except that 
prior localization of an earlier corona garnet 
would control the subsequent localization of 
garnet-rich deposits. 

This question of the origin and relative age 
of the corona garnet in the gabbro and anortho- 
site has received much attention because of its 
bearing on several fundamental aspects of 
Aridondack petrology. Roesler and Kemp 
(Kemp, 1920, p. 38-47) attributed the garnet 
coronas to reaction between pyroxene and 
feldspar during dynamic metamorphism, but 
did not specify the age. Alling (Kemp and 
Alling, 1925, p. 58) concluded that the corona 
garnet in gabbro is the magmatic product of 
peritectic reaction between the pyroxene and 
its surrounding magma; later (1936, p. 267- 
73) he elucidated the possible peritectic process 
of coronation. Shand (1945, p. 262, and in 
personal communications) questioned the deu- 
teric formation of garnet coronas and favored a 
metamorphic origin. The writer nevertheless 
believes that the petrographic and chemical 
evidence points strongly toward a deuteric 
origin under conditions which especially favored 
the development of corona garnet in the more 
gabbroic facies of the anorthosite-gabbro series. 
Detailed argument will be presented in a 
separate paper. 

Regional significance.—The same igneous and 
metamorphic processes, more or less, must have 


operated throughout the petrographic prov- 
ince, their effectiveness differing only in degree 
from one part of the province to another. Any 
hypothesis valid for the garnetiferous facies of 
the southeastern Adirondacks should be applic- 
able in principle to corresponding facies else- 
where in the province. The hypothesis here 
proposed does not take into account some of 
the garnet features reported (Buddington, 
1939) from the area around the northwestern 
end of the anorthosite massif, especially the 
corona garnet in syenite; it may need extension 
or modification when details of those occur- 
rences become available. The hypothesis, how- 
ever, has been satisfactorily applied to a con- 
siderable number of garnet occurrences besides 
the Barton deposit. 


OTHER ADIRONDACK DEposItTs 


General Statement 


The many garnet deposits and garnetiferous 
facies of the eastern Adirondacks fall into the 
following categories: 

1. Deposits of anorthosite-gabbro derivation 

(a) Coronated gabbro. 
(b) Dark-ore type. 
(c) Light-ore type. 
2. Deposits of Grenville derivation 
(a) Anorthosite-Grenville skarn type. 
(b) Syenite-Grenville skarn type. 
(c) Amphibolitic Grenville type. 
(d) “Eclogitic” type. 

Grenville-associated garnetiferous facies were 
examined only incidentally primarily to es- 
tablish criteria for distinguishing between facies 
of anorthosite-gabbro derivation and those of 
Grenville derivation where unequivocal identi- 
fication is lacking. In general, this distinction 
was not difficult to make. 


Deposits of Anorthosite-Gabbro Derivation 


General description—If the processes of 
corona garnet formation, contact metamorphic 
reconstitution and_ recrystallization, and 
hybridization here visualized for the Barton 
deposit are correct, one may expect to find 
other gabbro bodies similarly coronated and 
peripherally reconstituted; some small bodies 
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of coarse, amphibolitic metagabbro which 
contain large garnet porphyroblasts and grade 
through a zone of hybrid rock into surrounding 
normal syenite; some large or protected bodies 
of anorthosite peripherally reconstituted into 
more-or-less garnetiferous meta-anorthosite, 
surrounded by syenite-anorthosite hybrid; and 
small, or extensive but thin, bodies of anortho- 
site largely assimilated into a more-or-less 
garnetiferous syenite-anorthosite hybrid pass- 
ing by gradual transition into the surrounding 
syenite. 

Many examples of such facies occur, and 
among them considerable variation is noted in 
size of the garnet porphyroblasts, in the propor- 
tion of hornblende to feldspar in the matrix (its 
color index), and in the composition of the 
feldspar. These variations are related to three 
significant genetic factors: (1) variation in 
composition (gabbroic to anorthositic) of the 
primary facies; (2) variation in degree of meta- 
morphic reconstitution effected prior to hybrid- 
ization; (3) variation in degree and extent of 
hybridization. 

It is convenient qualitatively to classify the 
anorthosite-gabbro derived deposits into three 
types: (a) coronated gabbro; (b) dark-ore type, 
consisting of garnet porphyroblasts in a richly 
hornblendic matrix; (c) light-ore type, con- 
sisting of garnet porphyroblasts in a highly 
feldspathic matrix. The second type is, of 
course, essentially metagabbro. The light ore 
may be either a syenitic hybrid facies or a 
meta-anorthosite originally of somewhat gab- 
broic character. 

Coronated gabbro as a deposit of abrasive garnet. 
—Until recently deposits of fine-grained garnet 
have had little or no commercial value, re- 
gardless of the richness of the deposit. But 
with changing industrial requirements and the 
expanded use of garnet powders in the fine 
grinding or polishing of glass and other prod- 
ucts, the recovery and cleaning of garnet fines 
by flotation processes becomes feasible, and rich 
deposits of fine-grained garnet may eventually 
be exploitable. It is worth noting that much 
of the Gore Mountain gabbro is coronated and 
that the (corona) garnet content of the gabbro, 
in weight per cent, is approximately twice as 
great as the porphyroblast garnet content of 
the Barton dark ore. 


Dark ore type deposits —The fairly large Hum- 
phrey Mountain deposit (HU, at 4338.5-7414 3) 
(Krieger, 1937; Miller, 1938) is situated along 
the contact between syenite and the body of 
gabbro which caps Humphrey Mountain. 
The geologic setting is the same as at the Barton 
deposit and the garnets are quite comparable in 
habit and composition, although not quite as 
large. Garnets (of XH type) constitute 10 to 15 
per cent of the ore. A typical specimen has the 
composition (MgssFeisMnCais)s (AliooFes)s. 
Corona garnet is abundantly developed in the 
contiguous ophitic gabbro. Light-ore facies 
were not observed here but the feldspar of the 
contiguous syenite indicates that some hybridi- 
zation occurred. The normal syenite of this 
area does not contain garnet. 

The deposit is definitely of dark-ore type. 
The present author agrees with Miller that 
this deposit is simply a highly reconstituted 
peripheral facies of the gabbro, a product of 
contact metamorphism attributable to the 
syenite magma. 

The Ruby Mountain deposits (RU, 4344.2- 
7406.5) on the southwest slopes of Ruby 
Mountain, in an area of foliated syenite, area 
number of irregular bodies of dark, coarse rock 
carrying 4 to 10 per cent of scattered, red, 
rimless garnet porphyroblasts up to 3 inches 
in diameter. The matrix is a coarse-grained, 
granoblastic assemblage of black hornblende 
(up to 40 per cent) and white plagioclase 
(Anse); it is partly massive and partly foliated. 
This dark, garnet-rich facies grades through a 
more feldspathic garnet-poor facies of hybrid 
character into the surrounding normal syenite; 
there are no distinct facies boundaries. A 
typical specimen of the garnet has the com- 
position (MgzoFes2MniCaez)s (Aljoo)=. 

There is, in this case, no visibly associated 
gabbro or anorthosite; but the evidence (only 
a portion is detailed here) points compellingly 
to a gabbro-anorthosite derivation for these 
deposits, unmistakeably dark ore type. Miller 
(1938, p. 402) ascribed to the Ruby Mountain 
deposits a dual origin, but the observed features 
are equally well accounted for by regarding the 
bodies as xenolithic masses of gabbro or gab- 
broic anorthosite which had become caught up 
in the syenite magma, peripherally hybridized, 
and internally reconstituted. 
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OTHER ADIRONDACK DEPOSITS 


The Crehore deposit (C, 4346.7-7406.5), at 
the east base of Casey Mountain in the New- 
comb quadrangle, is a small garnet deposit in 
which the American Glue Company once opened 
a pit about 150 feet long by 30 feet wide. The 
deposit is a lenticular body of garnetiferous 
plagioclase-amphibole rock enclosed in well- 
foliated syenite. The garnets, some 5-10 per 
cent of the ore, are red, round, up to 4 inches 
in diameter, and have well developed horn- 
blende rims. A typical specimen has the com- 
position (Mgs7FesMn;Cajs)s; (AlssFe2)2. The 
matrix is a medium- to coarse-grained, grano- 
blastic, crudely foliated aggregate of horn- 
blende (47 per cent) and plagioclase (Anu). 
The boundaries of this deposit are more dis- 
tinct than those at Ruby Mountain, but the 
wall rocks are hybrid rather than normal syen- 
ite, as indicated by the composition (Anz») of 
their feldspar, their high hornblende content, 
and the local presence of garnets; the wall rocks 
are of light-ore type. 

Balk (1932) interpreted the Crehore body as 
a primary gabbro-amphibolite, the result of 
magmatic flow segregation of the normal dark 
constituents in the parental magma of the 
gabbro-anorthosite-syenite suite. But neither 
the garnet nor the particular type of hornblende 
found in the deposit is a normal constituent 
of the syenite, and the feldspar (Any) is quite 
different from that in the syenite. The ob- 
served features, in good agreement with those 
of gabbro-derived deposits, appear to support 
Miller’s contention (1938, p. 408) that the 
Crehore body is a metagabbro inclusion in 
syenite, and that the garnets are metamorphic 
rather than magmatic. 

The Old Hooper deposit (OH, 4344.9- 
7405.3) is well exposed in the walls of an old 
water-filled quarry at the base of a ridge 1 
mile northeast of Ruby Mountain, directly 
against the Thirteenth Lake fault (Krieger, 
1937, p. 114; Miller, 1938, p. 407). It is another 
garnetiferous hornblende-plagioclase body of 
variable character and indefinite boundaries 
against the syenite in which it is enclosed. Here 
too there is no visibly associated gabbro or 
anorthosite, although both occur in the dis- 
trict. But the mineralogical, modal, and tex- 
tural evidence, together with the general 
setting, as compared with other deposits, 
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strongly indicate metamorphic derivation from 
a mafic member of the anorthosite-gabbro 
series. In the crudely foliated, coarse, grano- 
blastic matrix of the deposit, black hornblende 
varies from less than 5 to more than 80 per 
cent, plagioclase (Anso) from about 8 to 85 per 
cent, pyroxene from 2 to 35 per cent. Garnet, 
of P and X types, with some XH, varies from 
a few per cent up to 35 per cent, and is spotty in 
habit and distribution. A typical specimen of 
X type has the following approximate com- 
position: MgisFessMneCags. 

Light-ore type deposits ——The Hooper Thir- 
teenth Lake deposit (HT, 4342.5-7406.2) is 
the outstanding example of the light-ore type 
with prominent X type garnet. It was a major 
producer of abrasive garnet for about 20 
years before 1928 (North River Garnet Co.). 
It occupies a summit 1 mile east of Thirteenth 
Lake and is well exposed in a quarry some 300 
feet in diameter and 10 to 100 feet deep 
(Krieger 1937, p. 104-8; Miller, 1938). 

The ore is typically a medium-coarse-grained, 
light-colored (highly feldspathic), buff-weather- 
ing rock whose well developed foliation is 
emphasized by streaks rich in dark minerals, 
principally hornblende. The garnets, deep red 
and 1-3 inches in diameter, stand out promi- 
nently like dark knots in a board. They are 
almost universally regular in shape, either 
spherical or dodecahedral, and they do not 
have hornblende rims. They are preferentially 
located in the dark folia as seen in outcrop 
section, and arranged along flow lines as seen in 
the plane of the foliation. Garnet constitutes 
5-15 per cent of the entire rock. 

Analysis of one representative specimen of 
the garnet indicates a composition of (Mgzs- 
FesMn2Cais)3(AlosF'e:)2 and partial analysis of 
seven typical specimens shows ‘that the com- 
positional range is not great. The average 
composition is very close to that of 10 analyzed 
garnets (P and X types) from syenite-anortho- 
site hybrid at Gore Mountain, and not very 
different from the composition of garnet por- 
phyroblasts in Gore Mountain meta-anortho- 
site. 

Plagioclase (Ango_s) constitutes 70-85 per 
cent of the ore matrix, in which it occurs only 
as clear anhedra; hornblende accounts for 
10-20 per cent, hypersthene and augite each 
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1-5 per cent, and magnetite and biotite each 
1-3 per cent. No orthoclase or perthite was 
found. Thus the modal composition of the 
Hooper mine rock corresponds to that of some 
of the light ore syenite hybrid at the Barton 
Mine or possibly to gabbroic meta-anortho- 
site, while its appearance in outcrop suggests a 
syenitic facies. 

As mapped and described by Krieger, the 
deposit occurs in a general area of syenite, 
from which it is separated by an irregular 
aureole, some 500 to 1000 feet wide, of “low- 
grade garnet rock”, a feldspathic gneissic 
facies which grades on the one hand into the 
garnet-rich mine rock and on the other hand 
into the surrounding, essentially garnet-free, 
moderately foliated, normal syenite. This inter- 
mediate facies comprising the aureole contains 
occasional residual crystals of primary plagio- 
clase; it is also more feldspathic than the mine 
rock, consisting very largely of granoblastic 
andesine. 

According to Miller (1938, p. 401), the mine- 
rock (garnet ore) is an anorthosite-metagabbro 
hybrid, and the garnets are magmatic in origin, 
having grown in the hybrid magma resulting 
from the assimilation of metagabbro by anor- 
thosite magma. The anorthosite which then 
surrounded the mine-rock hybrid was in turn 
subjected to peripheral assimilation during the 
later intrusion of syenite magma, resulting in 
the aureole which grades centrally into the 
anorthosite-metagabbro hybrid (the mine rock), 
and peripherally through an irregular zone of 
syenite-anorthosite hybrid into the syenite 
proper. 

The Hooper ore and the surrounding facies 
of the aureole are genetically related to the 
anorthosite-gabbro series. But the evidence 
does not require a two-intrusion history, nor 
support the hypothesis of magmatic origin of 
the X type garnets. The garnet composition 
and habit, and the character of the matrix, are 
very similar to the corresponding features of the 
“light ore” at the Barton deposit. It is there- 
fore suggested that the Hooper deposit is a 
peripherally hybridized gabbroic meta-anortho- 
site with garnets produced by metamorphic 
recrystallization of pre-existing corona garnet. 

The deposit and its aureole probably repre- 
sent a xenolith of once more extensive gab- 


broic anorthosite; the more gabbroic portions 
were richer in corona garnet, and from this the 
larger porphyroblasts grew during the re. 
crystallization and plastic deformation ac. 
companying the rise of the syenite magma. 
The outer periphery of the aureole is un- 
doubtedly a syenite-anorthosite hybrid as sug- 
gested by Miller. 

Metamorphism and partial hybridization of 
some of the (especially gabbroic) peripheral 
portions of the Gore Mountain anorthosite 
body, and of its outlying xenoliths, have 
yielded a discontinuous zone of garnetiferous, 
amphibolitic foliated meta-anorthosite which 
Krieger (1937, p. 102) referred to as “Garnet 
gneiss” and as the “Hooper vein”. A representa- 
tive specimen (B58), from near the Gore 
Mountain road, consists of typical secondary 
plagioclase (clear, anhedral, sub-equant, 0.5-1.5 
mm., Ans); anhedral, dark-green, hornblende 
(1-2 mm.); and garnet. Partial determinations 
of the garnet place it in the anorthosite-garnet 
compositional field. Non-poikilitic garnets 1 inch 
to 3 or 4 inches in diameter are abundant in 
this facies, and the larger ones are surrounded 
by embryonic hornblende shells similar to those 
at the Barton deposit. 

Presumably the same garnetiferous zone is 
exposed in Rooring Brook at the eastern end of 
the meta-anorthosite body. The mineral as- 
semblage, texture, and structure are the same 
but the rock resembles somewhat the foliated, 
amphibolitic, hybrid syenite in contact with 
the Barton deposit. The plagioclase composi- 
tion, however, is Anss, and no micro-perthite or 
other potash feldspar, or quartz is present. 
Plotted garnet determinations (e.g. B92) fall 
in the anorthosite-gabbro garnet field. 

Half a mile farther southeast is the so-called 
Noxon garnet deposit, probably a further ex- 
tension of the same zone, since it occupies the 
corresponding peripheral position relative to 
the small xenolithic body of anorthosite with 
which it occurs. (The narrow diabase dike 
mentioned by Krieger (1937, p. 103) does not 
separate the garnet deposit from the anortho- 
site, but cuts across both.) The facies here is 
identical with that “hieroglyphic” rock found 
at the western end of the Barton deposit, 
where syenite invaded and partially assimilated 
ophitic anorthosite. In a matrix of gray-green 
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plagioclase, weathering cream colored, are (1) 
wedgeshaped and polygonal ferromagnesian 
patches, 5-25 mm. long, (locally pseudomorph- 
ously altered to chlorite), whose outlines are 
emphasized by frames of half a mm. granular 
red garnet; (2) angular shreds of black horn- 
blende; (3) individualized garnets, spherical to 
dodecahedral, 3-50 mm. in diameter, rimless 
in the plagioclase matrix but with thin plagio- 
clase rim when set in hornblende. The smaller 
garnets are poikilitic, the larger non-poikilitic. 
Distribution of the larger garnets (4-2 inches) 
is spotty, amounting locally to an estimated 10 
per cent of the rock. Of two garnets determined 
(B81 and B87), one falls in the gabbro-garnet 
field and the second in the anorthosite-garnet 
field. The garnets are easily cobbed out from 
their matrix, just as at the Hooper deposit 
near Thirteenth Lake. 

The garnet-rich rock grades, on one side, 
through a crudely banded, amphibolitic, syeni- 
tic facies into normal syenite, and on the other 
into the small body of primary ophitic anortho- 
site identical with that at the western end of 
the Barton mine. In thin section, the dark 
“hieroglyphic” patches are seen to be granular 
aggregates of the hornblende and orthopyrox- 
ene, with garnet and traces of clinopyroxene. 
The matrix plagioclase is clear, anhedral, sub- 
equant, Any. Microperthite and orthoclase are 
absent. 

By their structural position, gradational 
relationships, petrographic features, and garnet 
types, these occurrences (Roaring Brook and 
Noxon) are closely allied to the mixed garnet 
ore at the western end of the Barton deposit. 
They are evidently hybrid facies resulting from 
metamorphism and partial assimilation of the 
periphery of the anorthosite by syenite magma. 
By analogy the remainder of the “Hooper 
Vein” is judged to have the same origin, al- 
though elsewhere indications of contact 
metamorphism are stronger and those of hybrid- 
ization weaker. 
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ABSTRACT 


Modern conceptions of the structure of the earth’s 
crust and of the distribution of radioactivity lead 
to an expectation of a greater flow of heat to the 
surface in mountains than in lowlands. An excep- 
tional opportunity for testing this expectation is 
provided by the data obtained by the geologists of 
the Bureau of Reclamation during the construction 
of the Alva B. Adams Tunnel under Rocky Moun- 
tain National Park. This tunnel, 13 miles long, at 
a mean altitude of 8300 feet, passes under the Con- 
tinental Divide, more than 12,000 feet above sea 
level. Some 70 observations of temperature have 
been reduced with the purpose of finding the flow 
of heat. 

Corrections have been applied for the topography 
on several different hypotheses regarding the physio- 
graphic history. The corrected vertical gradient of 
temperature lies between 24°C/km, on the assump- 
tion that the present topography has persisted 
indefinitely, and 20°C/km, on the assumption that 
the surface features have been derived from an 
old-age surface by erosion and by uplift of 7000 feet 
uniformly distributed over the last million years. 
If the time of evolution is taken as 4 million years, 
the corrected gradient is 22°C/km. An uncertainty 
of about 1°C/km results from lack of reliable data 
concerning the surface temperature. 

Thermal conductivity has been measured in the 
laboratory for 123 samples of rock from the tunnel; 
these rocks are chiefly granites, gneisses, and schists. 
The variations of conductivity with rock type and 
with position along the tunnel are found to be in- 
significant; the mean value of conductivity is 0.008 
cal/cm:secdeg. 

The heat flow is then computed as between 1.6 
and 1.9 microcal/cm?-sec, with a “best value” of 
1.7  microcal/cm*-sec. This is believed to differ 
significantly from the best values for a “normal” 
sea-level crust, which fall close to 1.1 microcal/ 
cm*-sec. With conventional assumptions as to thick- 
ness and density of the layers of the normal crust, 
the difference of heat flow may be accounted for 


in terms of mountain roots having a mean radio. 
activity of the same order as that of granites o 
intermediate rocks. The observed heat flow is 
consistent with the doctrine of mountain roots and 
with an approximately uniform distribution of 
radioactivity throughout the “granitic” layer. A 
few of the other possible interpretations are briefly 
discussed. 


INTRODUCTION 


Of the various schemes of compensation pro- 
posed to account for the observed deficiency of 
the gravitational attraction of mountains, 
Airy’s conception of mountain “roots” possesses 
the clearest physical and geological interprets 
tion. It is evidently important to determine to 
what extent this conception agrees with the 
ideas of mountain and continental structure de 
rived from other branches of geophysics. 
Byerly (1939) and Gutenberg (1943) have er 
amined the seismological evidence and reached 
conclusions generally favorable to the existence 
of mountain roots, although the data are scanty 
and quantitatively inconclusive. A third fom 
of inquiry is suggested by modern theory re 
garding the earth’s heat. 

Since the work of Rayleigh (1906) it has been 
clear that the radioactivity of a relatively thn 
layer of ordinary rocks would currently generate 
the heat known to be escaping from the earth 
With typical values, the maximum permissible 
thickness of “average granite” is about 30 km. 
Jeffreys (1929) has used the determinations d 
the rate of radioactive heat production fo 
granite and basalt to find the normal thick 
nesses of the individual layers consistent with 
observations of the flow of heat to the surfac. 
Jeffreys assumes that: (1) the basaltic layer # 
twice as thick as the granitic layer; (2) heat 
production is uniform throughout each layet, 
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INTRODUCTION 


with the mean values found for granites and for 
basalts; (3) no heat is generated below these 
two layers. These conditions suffice to deter- 
mine the problem, and the thicknesses found, 
11 and 22 km., are of the order found from the 
seismic study of near earthquakes. Later work 
(Jeffreys, 1941) leaves these conclusions es- 
sentially unaltered. In its general form, how- 
ever, the thermal problem is indeterminate, 
since the only quantities known, even approxi- 
mately, are the flow of heat at the surface and 
the conductivities and rates of heat production 
for certain samples of rock. 

Although the details of the vertical dis- 
tribution of the heat-producing elements in and 
below the crust are unknown, it has been 
demonstrated that granitic rocks are usually 
richer in the radioactive elements than basaltic 
rocks and that these, in turn, are far more radio- 
active than ultrabasic rocks. The formation of 
a root of relatively low density under mountains 
thus requires the thickening of the most radio- 
active components of the crust, and there 
should result, as Jeffreys points out (1927; 
1929, p. 298), “an increase in the local output 
of radioactive heat”; but although this change 
should be “capable of observational test, the 
existing data suffer from ambiguities of inter- 
pretation.” The last remark may be applied to 
all indications of mountain roots. A determina- 
tion of this difference of local output of heat 
would, however, enable us to estimate the 
radioactivity of the root, and hence to reduce 
the uncertainty with respect to the vertical 
distribution of radioactivity in the crust. 

In a preliminary survey of the feasibility of 
finding a difference of thermal output between 
mountains and lowlands, some estimates were 
given for the Front Range of Colorado (Birch, 
1947a). These estimates were based on the 
simplest assumptions: a regional root of the 
Airy type, sufficient to compensate the present 
mountain range, formed at the time of Laramide 
folding in this region, perhaps 50 million years 
ago; uniform radioactive content and heat pro- 
duction throughout the thickened upper layers, 
of the order found by laboratory measurements; 
uniform thermal properties; density differences 
for the upper and lower layers as assumed in 
recent isostatic studies (Heiskanen, 1939). On 
this basis, it appeared that an appreciable differ- 
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ence might be expected, and a search was begun 
for measurements, or the possibility of obtain- 
ing measurements, adequate for a determination 
of the flow of heat in the Front Range. 

The construction of the Alva B. Adams 
Tunnel by the Bureau of Reclamation of the 
U. S. Department of the Interior afforded an 
opportunity for the measurement of tempera- 
ture through the central portion of the Front 
Range. This great tunnel, 13 miles long, passes 
under Rocky Mountain National Park at a 
mean altitude of 8300 feet, with a maximum 
vertical cover of nearly 4000 feet. Except for 
patches of glacial drift, the rocks of this area 
are Precambrian granites, gneisses, and schists. 
Some 70 determinations of temperature, spaced 
at 1000-foot intervals along the tunnel, were ob- 
tained as the work progressed by geologists of 
the Bureau of Reclamation; the tunnel was 
minutely mapped, and about 1000 samples of 
rock were collected and described. Thus there 
already existed a formidable accumulation of 
data, in a favorable region, having only to be 
analyzed and correlated with laboratory meas- 
urements of conductivity. 

Like observations of gravity, observations 
of temperature acquire their full significance 
only after certain kinds of “reduction.” Reduc- 
tion has, in general, the purpose of removing 
the effects of known, disturbing elements, and 
of correcting to some standard datum at which 
measurements for different localities may be 
compared. For gravity, reduction has the pur- 
pose of eliminating the effects of known masses 
above sea level and of the departure of station 
level from this datum. The reduced observa- 


tions then reflect, in the form of the Bouguer | 


anomalies, variations of density below sea level. 

Similarly, in thermal studies, we begin by 
recognizing that the total amount of heat coming 
to the surface over a wide area is not dependent 
upon surface irregularities or surface tempera- 
ture; but at any particular point near the ir- 
regular surface, both the temperature and the 
vertical gradient of temperature may depart 
considerably from the values which would be 
found at the same depth below a smooth hori- 
zontal surface at uniform temperature, with 
the same mean flow of heat. The problem arises 
of passing from observed temperatures, at 
known positions below an irregular surface 
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over which the temperature is more or less well 
known, to the temperatures as function of 
depth below a plane surface on which the tem- 
perature is uniform and constant. Whereas the 
gravitational corrections depend only upon the 
distribution of masses at the present time, the 
thermal corrections depend to some extent upon 
the whole climatic and geological history of the 
region. Uplift and erosion lower the surface 
temperature and increase the apparent vertical 
gradient. Thus, not only the present topography 
but also the physiographic history are im- 
portant elements in the reduction of thermal 
data for mountain regions. 

Many studies have been devoted to the tem- 
peratures of the great Alpine tunnels and to the 
effects of the topography, the ground water, the 
schistosity of the formations, and, to some ex- 
tent, the conductivity of the rocks. Perhaps the 
most important objective of the early work was 
the prediction of maximum temperatures to be 
encountered in such tunnels, a matter of great 
technical interest when, as in the Simplon 
Tunnel, this temperature reached 55°C (131°F). 
It appeared that a satisfactory prediction could 
be based on a value for the “normal” gradient 
of temperature borrowed from the observations 
made in wells or mines in relatively flat coun- 
try, corrected for a schematic topography re- 
sembling the mountain to be traversed. The 
analysis was not directed to the question of 
finding the best value of the gradient from ob- 
servations in the tunnels, and no corrections 
were applied for the topographic evolution. 
The technique of topographic correction used 
in the older work was inadequate for making 
full use of the copious observations, though 
probably satisfactory for estimating the maxi- 
mum temperature. 

Surprisingly little geological or geophysical 
use has been made of the Alpine measurements, 
although Osmond Fisher (1889) estimated the 
depth to a molten substratum by a rather 
primitive use of the uncorrected gradient ob- 
served in the St. Gothard Tunnel. Stapff (1883- 
1884), who carried out the observations of tem- 
perature in the St. Gothard Tunnel, obtained a 
value for the flow of heat by combining a “cor- 
rected” gradient with Everett’s “mean conduc- 
tivity of rock’; with his weakness for super- 
fluous digits, he gives 1.837 x 10~* cal/cm?-sec, 
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a plausible value, but his method is scarcely 
acceptable. Other writers have wished to a¢. 
count for the “high” temperatures found jy 
the tunnels by mechanical action during mouyp. 
tain formation, unknown sources of heat, hot 
springs, and so on. Koenigsberger (1908) is on 
firmer ground when he insists (p. 523): “Fi 
die Temperatur ist in erster Linie die Gestal 
der Oberflache massgebend”’; it appears, mor. 
over, that he had commenced, shortly befor 
his death, to consider the general geophysied 
significance of the tunnel temperatures, an 
certain results, though no details, may be ob 
tained from several letters to the late A, ¢ 
Lane (1942, p. 44-48). Anderson (Kennedy ani 
Anderson, 1938) reviewed the Alpine studies, i 
connection with a discussion of the origin ¢ 
magmas, but was unable to decide whether th 
flow of heat in the mountains was more or les 
than the “normal’’ flow. 

Because of the “ambiguities’’ and other de. 
ficiencies of the earlier work, the writer ha 
given more attention to details of correction ani 
to sources of error than might otherwise appex 
justifiable. Some of this material may find usefil 
application in other geothermal studies. 
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NoTATION AND ABBREVIATIONS 


For convenient reference, a few of the sym- 
bols and abbreviations used in the text are 
collected below: 


a vertical gradient of temperature in the rock, 
in units of °F/kft or °C/km, corrected to 
“standard” conditions 

a’ rate of change of surface (soil) temperature 
with decrease of altitude (units as for a). 
specific heat, cal/gm-deg. 


¢ 

cal _ calorie 

¢ base of natural logarithms, 2.7182 ...; 
also strain. 

é time derivative of strain, de/dt, or strain 
velocity. 

eps ¢ 


K thermal conductivity, cal/cm'sec‘deg’C. 

K, — thermal conductivity, with flow of heat 
parallel to schistosity 

iF thermal conductivity, with flow of heat 
normal to schistosity 

k thermal diffusivity, K/pc, in cm?/sec or 
km*/My. 

kit  kilofoot or kilofeet, 1000 feet. 

mg _ milligal, 10-* cm/sec”. 

microcalorie 10-* calorie (microcal) 

millicalorie 10-* calorie (millical) 

My million years 

P radioactive heat production, cal/gm-My or 
cal/cm* sec. 

p density, gm/cm?. 

a standard deviation of a single observation. 
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The following mathematical functions are of 
frequent use in the theory of heat conduction; 
for discussion of their properties and numerical 
tables, see Carslaw and Jaeger (1947, p. 370- 
373); tables of the exponential integral are 
found in Jahnke and Emde (1938, p. 6). 


2 8 
erf 8 = we [ e? dx, the error function, or 
Jo 


probability integral 
erfc 8 = 1 — erf 8 


io) 
ierfc B - | erfc x dx = Pi /_ B erfc B 
B 
Lo] 
erfc B = [ ierfc x dx = 3[erfc 8 — 26 ierfc 8] 
8 


] 
— Ei(—8) = [ x—1e-* dx, the exponential inte- 
8 


gral. 


Special functions developed for the topographi- 
cal correction, in two and three dimensions, are: 


G(s) = @ Ei(—6*) + «* 

E(8) = 2 erfc B — 4 iferfc 8B 
These functions are tabulated in Table 6 for a 
few values of the argument. 


FIELD STUDIES 
Description of Adams Tunnel 


The Adams Tunnel connects Grand Lake, on 
the west side of the Divide, with the Wind River, 
a tributary of the Thompson River, on the east 
(Fig. 1). For the exact location, and for all 
details concerning the location of temperature 
stations, the writer is indebted to the members 
of the Office of the Chief Engineer of the Bureau 
of Reclamation at Denver, in particular to Mr. 
Ross L. Heaton. The invert elevation at the : 
west end is 8356.99 feet; at the east end, 8249.66 
feet; and the length from portal to portal, 68,810 
feet. The tunnel was driven from both ends be- 
tween 1940 and 1944, to a junction about 27,000 
feet from the west end. Geologic mapping and 
measurement of temperature proceeded con- 
currently with the construction. (See also 
Heaton, 1940.) 

The tunnel was mapped on 140 sheets, on a 
scale of 10 feet to the inch. Each sheet covers 
500 feet of tunnel and shows three views of the 
interior: North Side, South Side, and plan of 
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arch. Of these sheets, 67, covering 33,500 feet 
have been incorporated in Progress Reports 
(dated March 26, 1941, Ross L. Heaton and 
Horace N. Goodell, 13 sheets; April 16, 1942, 
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third of the tunnel, based on both surface and 
tunnel geology. The only geologic section for 
the whole tunnel, dated December 22, 1936, is 


based on a reconnaissance map prepared by 
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GEOLOGIC MAP 


ProFItE (TENFOLD VERTICAL EXAGGERATION), 
SCALE), AND GEOLOGIC RECONNAISSANCE MAP 


The tunnel position is shown by a single line on the section and by a double line on the map. 


FicuRE 2.—TEMPERATURES, 


24 sheets; March 15, 1944, Ross L. Heaton and 
C. Phillip Wagner, 34 sheets) in which the 
important features are discussed. The other 
sheets, though completed, have not been as- 
sembled in a report, but a log of the rock types 
for this missing portion was kindly furnished. 
The care and effort expended on these sheets 
gives them a high value, and the additional 
work of preparing them for publication would 
be amply justified. 

The contacts, faults, joints, shear zones, and 
occurrences of water are shown on these sheets 
in great detail; the original location and a 
general description of each sample are also 
given. There is a geologic section of the eastern 
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Heaton before the tunnel exposures were avail- 
able. The section of Figure 2 is based on 
Heaton’s original section, slightly modified to 
agree with the tunnel mapping, and with the 
information obtained from two holes drilled 
near the East Portal. 

Positions in the tunnel are measured from 
station zero, which is 595 feet west of the West 
Portal, close to Grand Lake, The original sta- 
tion numbers were given in units of hundreds of 
feet, following the use of a 100-foot steel tape 
for determining positions inside the tunnel; for 
brevity, 1000-foot units are used hereafter. 
The completed tunnel is 434 feet shorter than 
its estimated length, and hence there is a sec- 
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tion, between stations 26 and 27, which, instead 
of 1000 feet, measures only 566 feet. This ad- 
justment has been made in fixing the position of 
stations on the map. 


TABLE 1.—PRINCIPAL OCCURRENCES OF WATER 




















Station oe. Remarks 
0-2.5 80 Total to 2.5 
2.5-7.0 75 Total to 7.5, including 40 
gpm to 2.5 
8.177 300 Diminished in 2 weeks to 30 
gpm 
8.581 (2500) | See text 
12.767 100 Reduced to trickle in week 
14 Total at this heading, 45 
gpm 
14-48 no report 
available 
48-58 “Very dry” 
58-65.5 Average total, 15 gpm 
65 .686 170 Diminished rapidly; 30 gpm 
for several months 
65.820 150 Decreased rapidly to one- 
half; stopped when 65.680 
was encountered 





Rocky Mountain National Park appears on 
a U. S. Geological Survey topographic map, 
edition of 1919, reprinted in 1947, with a scale 
of 1/125,000 and 100-foot contours. This map 
is too small for the present work, and photo- 
graphic enlargements to two and to four times 
the original scale have been used. The scale in 
the central region of these enlargements was 
determined from the known length of the care- 
fully plotted tunnel line. This line was then 
marked off into 1000-foot intervals (except for 
the short interval adjacent to station 27), and 
station numbers of even thousands of feet have 
been used for most of the following work. The 
errors of position on the map probably do not 
exceed 100 feet; the actual positions in the 
tunnel were, of course, established to a frac- 
tion of a foot. 

In some circumstances the circulation of 
water rivals conduction in the transport of heat. 
Some of the Alpine tunnels, notably the 
Simplon, were invaded by very large flows, 
which in a short time depleted important sur- 
face springs. Schardt (1905) postulated a con- 
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tinuous circulation from surface to a consider. 
able depth, principally in open fissures or 
cavities in the limestones. The low temperatures 
in one section of the Simplon Tunnel were at. 
tributed to this circulation. Fortunately, this 
complication does not reach serious proportions 
for the Adams Tunnel. As against the flows 
averaging 1000 litres per second for several 
years (16,000 gal/min) for the Simplon, the 
total amount flowing from the Adams Tunnel 
was usually of the order of 100 gal/min, and 
most of the length was remarkably free from 
flows greater than a few gallons per minute, 
The principal occurrences are listed in Table |; 
except for the fairly large flow at Station 8.581, 
they are all minor, temporary, and incapable of 
seriously affecting the temperatures. 

The account of the exceptional flow is in- 
teresting, and is reproduced from Progress Re- 
port III, March 15, 1944, by Ross L. Heaton 
and C. Phillip Wagner. 


“On January 5, 1942, water was encountered 
under considerable pressure at the bottom of three 
9-foot drill holes on the right side of the face, which 
was at Station 8.581. The flow was estimated at 
400 g.p.m. A 20-foot pilot hole was drilled on the 
left side of the face, striking the water course at 
16 feet. The pressure was estimated at 150 psi 
since it was forced out through the drill steel against 
120 pounds of air pressure. Four more pilot holes 
were drilled and capped. All encountered water at 
9 to 16 feet and were drilled to 35 feet in hard rock. 
Three of these were connected to the main water 
line and delivered water to the portal . . . under its 
own pressure. The pressure was gauged at 48 psi 
on January 7. At 8 a.m. on January 8, water was 
barely flowing from holes in the top of the face 
while the lower holes were still making about 400 
g.p.m. A maximum of 2500 g.p.m. was estimated to 
be flowing from the tunnel at 11:00 p.m. on Jan- 
uary 6. The pressure and flow diminished rapidly 
and work was resumed at 8:00 a.m. January 8. 


- After the water course was shot, the flow was about 


200 g.p.m. and reduced to 100 g.p.m. the next day. 
The water came from a zone of closely spaced gouge 
seams which broke out to 1 to 1} feet deep on the 
right and in the arch and 3 feet deep one foot above 
right spring line .. . The total delay in connection 
with this incident was 78 hours .. .” 


This appears to have been the only serious 
flow in the part of the tunnel covered by the 
first three Progress Reports. With respect to the 
general occurrence of water, Heaton and 
Goodell remark (Progress Report, March 26, 
1941): 


“Most of the water comes from flat seams and 
joint planes, although there are no evident differ- 
ences between those systems of flat joints that 
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TABLE 2.—ORIGINAL ROcK TEMPERATURES 


TABLE 2.—Concluded 



































Date Station Temperature, °F Date Station Temperature, °F 

, (feet) (feet) 

(East Portal) 69 , 839 24 Jan. 22,603 68.7 

28 Aug. 1940 69,739 46.4 24 Jan. 21,600 70.2 

4 Sept. 69 ,639 46.6 4 Dec. 1942 20, 633.5 70.2 

4 Sept. 69 , 339 47.5 22 Oct. 19,595 70.5 

4 Sept. 68 , 839 48.4 15 Sept. 18,595 70.2 

4 Sept. 67,839 49.1 15 Sept. 17,660 68.7 

4 Oct. 66, 839 49.6 30 July 16,595 67.6 

29 Oct. 65,839 48.6 30 July 15,848 66.6 

22 Nov. 64, 839 48.6 23 May 14,612 65.1 

8 Jan. 1941 63, 800 47.8 23 May 13,608 62.1 

18 Jan. 62, 824.5 48.6 23 May 12,601 62.1 

17 Apr. 61,825 48.6 2 Apr. 11,598 61.5 

30 Apr. 60,750 49.3 12 Mar. 10,607 61.9 

20 May 59, 839 49.8 3 Feb. 9,609 61.3 

16 June 58, 818 52.2 3 Feb. 8,625 61.5 

2 July 57,735 53.6 3 Feb. 7,600 60.8 

11 Aug. 56,819.4 54.9 June, 1941 6,610 57.7 

11 Aug. 55, 838.5 55.4 May 5,609 56.8 

3 Sept. 54,839 55.2 Apr. 4,595 55.0 

26 Sept. 53 , 838 55.6 Feb. 3,590 $2.5 

20 Oct. 52,840 57.0 1 Feb. 2,605 50.0 

12 Nov. 51,839 57.6 2 Dec. 1940 1,596 45.7 

3 Dec. 50,839 59.0 1 Nov. 1940 1,092 44.6 

30 Dec. 50, 100 60.3 1 Nov. 1940 800 43.5 

30 Dec. 49 ,839 60.5 1 Nov. 1940 695 43.3 

23 Jan. 1942 48 , 839 61.8 (West Portal) 595 

16 Feb. 47 ,839 63.3 

; aq aes ge are wet and those that are dry. The same is true 

: of gouge seams, some of which furnish small amounts 

5 May 44 836.6 68.0 of water, others being tight and dry. More than 
28 May 43 , 839.8 69.4 half of them are wet, and the proportion is about 
16 June 42,834.6 70.7 the same regardless of the direction of dip. Gen- 
13 July 41,841.3 72.0 pr A speaking, the — seams are wet 
4 Aug. 40,822.7 73.0 atic ins fn 

1 Sept. 39 , 833 74.1 In all cases, the maximum flow was of short 
25 Sept. 38, 840.5 75.6 duration, and the flows usually subsided to 
26 Oct. 37 ,839.5 76.1 mere drips in a few weeks. There is probably 
18 Nov. 36,826 76.6 little circulation of this water, which in its un- 
11 Dec. 35, 837.5 76.4 disturbed condition merely stagnates in the 
5 Oct. 1943 34, 838.7 15.0 poorly connected seams and joints. The greatest 
10 Nov. 33 825.8 74.8 E 

17 Dec. 32, 838.4 73.9 pressure observed, of the order of 150 psi, cor- 
14 Jan. 1944 31,832.8 73.0 responds to a head of water of only about 350 
16 Feb. 30,831 72.0 feet; the depth of rock above Station 8.5 is 
28 Mar. 29, 839 69.8 about 2000 feet. It seems likely that this water 
29 Apr. 28, 821.8 67.6 also moves, if at all, principally in a horizontal 
30 May 27 , 832.5 65.8 direction, along seams of low dip. 

9 June 26,912.5 65.3 

8 May 1944 25,568 66.2 Measurement of Temperature in the Adams Tunnel 
b _ og 1 oe The original determinations of temperature 





of the rock are given in Table 2 and Figure 2. 
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TABLE 3.—VARIATION OF ROCK AND AIR 
TEMPERATURES WITH TIME 
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Degrees Fahrenheit 
Station | Distance from | Oct- | Oct. 
(feet) | portal, feet 940 | 1940 
East End 
69,739 | 100 Rock|46.4/45.7 
Air 
69,639 | 200 Rock|47.1/46.8 
Air 
69,339 | 500 Rock|48.0/47.7 
Air 
68,839 |1,000 Rock/48.7/48.6 
Air 
67,839 |2,000 Rock/49.5/49.5 
Air 
66,839 (3,000 Rock!49.6/49.3 
Air (52.3 
65,839 |4,000 Rock 48.6 
Air 50.0 
64,839 [5,000 Rock 
Air 
63,800 |6,039 Rock 
Air 
62,824 |7,015 Rock 
Air —_ | ———_ 
Nov. | Dec. 
1 2 
1940 | 1940 
West End 
695 | 100 Rock/43.3)41.7 
Air (45.3 
800 | 205 Rock/43.5/42.1 
1,092 | 497 Rock/44.6/43.9 
Air 46.0 
1,596 |1,001 Rock 45 .7/45.3 
Air 47.1/46.8 
2,605 |2,010 Rock 
Air 


























The method of measurement is described jp 
the Progress Report dated March 26, 1941, by 
Ross L. Heaton and Horace N. Goodell, x 
follows: 


“For taking rock temperatures, sloping hols 
were drilled 6 to 10 feet into the wall of the tunne 
and filled with water. After the water reached roc 
temperature, readings were taken after immersi 
a mercury thermometer, graduated to 0.2°C. Tem. 
peratures were taken at points 100, 200, 500 and 
1000 feet from the portal, and at points 1000 feet 
apart thereafter. When new distances were reached, 
and another temperature station established, read. 
ings were repeated at the old stations and compati- 
sons made with former readings.”’ 


Mr. Heaton has kindly supplied some addi- 
tional details concerning this procedure. Th 
thermometer was fixed to a wooden strip long 
enough to reach the bottom of the 10-foot holes, 
After the hole was filled with water, readings 
were made at intervals until a steady tempera 
ture was reached. This value is taken as the 
“original rock temperature.” The slow change 
found thereafter, over some weeks or months, 
are shown for some of the stations near the 
portals in Table 3 (extracted from the Progress 
Report cited above). Temperatures were read 
to the nearest 0.1°C with the aid of a flashlight. 
They were converted to Fahrenheit tempera- 
tures, which are consequently used in the pres- 
ent work up to the final stage of results. 

In this tunnel, the air temperature was gen- 
erally close to the rock temperature at the 
time of exposure, so that important subsequent 
changes are not to be expected. The rock tem- 
peratures of Table 3 generally tended to de 
crease at stations near the portals, even though 
the air temperatures were in most instances 
higher than the rock temperatures. The down- 
ward drift may therefore be caused by seepage of 
water or other effects unrelated to air tempera- 
ture, though conceivably there are fluctuations 
of air temperature which have not been 
recorded. 

For a rough upper limit of the effect of venti- 
lation, we use the solution for the temperature 
in a half-space resulting from a sudden change 
AT, on the surface. The change at depth ~ after 
a time? is AT = AT, erfc (x/~/4ki) (Carslaw 
and Jaeger, 1947, p. 43). With x = 2 meters, 
k = 0.02 cm?/sec, and ¢ = 3 months or 8.10 
sec, AT = 0.7 AT,. Thus in three months, 
nearly the whole surface change is transmitted 
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to this depth. About one-tenth of the surface 
change is reached at 2 meters in 110 hours. At 
3 meters, the corresponding times are (3/2)? or 
2.25 times as long. There is much to be gained 
by drilling deeper holes, perhaps to 20 feet. 

In the present case, it is doubtful whether 
the air was consistently either warmer or cooler 
than the rock; with oscillation of surface tem- 
perature, the net effect is of course reduced. 

The record (Table 2) indicates that at a few 
points (Stations 7.6, 12.6, 15.8, 17.6, 21.6, and 
close to the East Portal) several weeks of ex- 
posure must have preceded the first determina- 
tions of temperature. At some of these, the 
readings do appear to be too low, by about 2° 
at Stations 12 and 15, less at the others, but 
the trend of values of Table 3 suggests that this 
delay would not be of importance except per- 
haps close to the portal. 

The change of temperature horizontally along 
the tunnel rarely exceeded 1°F/1000’; thus 
the temperatures at the 1000-foot stations 
may be found by linear interpolation with errors 
no greater than those of the original observa- 
tions, about 0.2°F. With the estimated allow- 
ance for the effect of disturbances such as ven- 
tiation and drilling, the temperatures at the 
“even” stations are probably known to better 
than 1°F. 

A preliminary value for the mean vertical 
gradient of temperature may readily be found 
by plotting, as in Figure 3, the observed tem- 
peratures of Table 2 as function of the vertical 
cover—that is, the depth of rock vertically 
above the station. As this plot does not take 
into account the unevenness of the surface, the 
points are badly scattered, but they determine 
a line having a slope of 8.3 + 0.2°F /kft (kft = 
kilofoot = 1000 feet); the standard deviation 
of a single point from this line is 2°F. A pre- 
liminary value for the gradient in the rock of 
10.8°F /kft is obtained by adding to this the 
rate of change of surface temperature with alti- 
tude, 2.5°F /kft. (See Section on Surface Tem- 
perature.) 

It is convenient to adjust the temperature at 
“even” stations to a common altitude, as the 
tunnel falls about 100 feet from the West to 
the East portals, enough to introduce a differ- 
ence of about 1°F. Hence the temperatures at 
these stations have been corrected to a level of 
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8300 feet; the maximum correction is 0.6°F. 
These adjusted values, at 1000-foot intervals, 
are used throughout the following work. 


Surface Temperature 


The observations of temperature in the tun- 
nel lead to the difference between two gradients; 
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FIGURE 3.—OBSERVED TEMPERATURES AS FUNCTION 
oF VERTICAL COVER 

“The stations designated by the larger circles are 

those selected for detailed topographic correction 

in later figures. 


(1) the gradient of temperature in the rock, and 
(2) the gradient (measured downward) of the 
temperature at the surface of the ground, or the 
rate of change of surface temperature with 
(negative) altitude. It is a fact of common ex- 
perience that the temperature decreases as the 
altitude increases, and a considerable amount 
of information relative to the variation of air 
temperatures is found in the publications of the 
Weather Bureau and in treatises on meteorology. 
The mean soil temperature usually differs from 
the mean air temperature, however, and the 
temperature at zero depth obtained by pro- 
longing the temperature-depth curves for wells 
or mines ordinarily exceeds the mean air tem- 
perature, sometimes by as much as 10°F 
(Van Orstrand, 1934a), or even more. A number 
of studies, particularly in the Alps, have shown 
that the soil is increasingly warmer than the 
air as the altitude increases; little has been 
done with this problem in the United States, 
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TABLE 4.—MEAN ANNUAL TEMPERATURES 
Temperature, °F 
Station County | Altitude feet : Reference* 

Air | “Soil” (esti- 

|mated, see text) 
Fort Collins Larimer 5,000 47.0 | 48 1947 
Waterdale Larimer 5,200 47.9 48 1947 
Boulder Boulder 5,350 50.6 | 51 1946 
Edgewater Jefferson 5,450 50.0 | 1947 
Kassler Jefferson 5,500 51.5 | 51 1947 
Colorado Springs El Paso 6,100 47.8 | 1944 
Alford Larimer 6,320 44.5 1930 
Cheesman Jefferson 6,890 46.5 47 1947 
Fry’s Ranch Larimer 7,500 42.1 1930 
Idaho Springs Clear Creek 7,540 43.3 44 1947 
Blue Valley Ranch Lake 7,600 38.2 43 1930 
Estes Park Larimer 7,750 42.3 1947 
Moraine Larimer 7,780 40.7 1930 
Buena Vista Chaffee 7,960 41.7 1945 
Walden Jackson 8,050 37.8 1947 
Spicer Jackson 8,300 36.9 41 1947 
Red Feather Lakes Larimer 8,360 37.8 1942-1946 
Grand Lake Grand 8,370 36.4 41 1940-1947 
Allenspark Boulder 8,500 40.2 1945-1947 
Fraser Grand 8,570 32.7 39 1947 
Dillon Summit 8,900 33.8 1947 
Longs Peak Larimer 8,960 37.3 40 1930 
Frances Boulder 9,300 39.9 42 1930 
Victor Teller 9,370 40.2 1924 
Cripple Creek Teller 9,510 39.4 1943-1947 
Breckenridge Summit 9,530 33.4 1930 
Leadville Lake 10,180 35.7 40 1947 
Alma Park 10, 230 32.8 38 1930 
Lake Moraine El] Paso 10,270 35.6 39 1947 
Echo Lake Clear Creek 10,600 32.2 38 1930 
Climax Lake 11,300 28.6 1912 
Corona Grand 11,660 26.2 | 1926 
Pikes Peak El Paso 14,110 19.3 33 1912 

















* All references are to the designated years of the Climatological data of the United States, Weather Bureau, 
U. S. Depart. Agric., or the equivalent; the title has varied. 


though excellent opportunities exist. It is neces- 
sary to review this material briefly with the 
object of selecting the best value for the present 
purpose. 

Though not useful directly, the mean annual 
air temperatures are relatively abundant and 
probably afford a fair estimate of the kind of 
variation from a simple, uniform dependence 
on altitude to be expected for the soil tempera- 
tures. Mean annual air temperatures for 33 
stations in the mountains or foothills of North- 
western Colorado are given in Table 4, and 


plotted against altitude in Figure 4. The least- 
squares straight line through these points hasa 
slope of —3.3 + 0.2°F/kft, or —6.0°C/km. 
The standard deviation of a single point is 
2.6°F. The gradient is close to the “saturated 
adiabatic lapse rate” for free air and to corre 
sponding figures for other mountain regions 
(Hann-Siiring, 1939, p. 166-168). The scatter 
is not surprising, as the stations occupy 4 
variety of sites with respect to exposure to sun 
and wind, proximity to peaks, valleys, forests, 
and to other factors which affect temperature. 
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Probably variations of the same order would be 
found within Rocky Mountain National Park. 

One factor which causes a difference between 
air and soil is snow cover. Except where swept 
by winds, the surface in the mountains is likely 
to be covered with snow for half the year or 
more, and in general the snow comes earlier 
and stays later as the altitude increases. In this 
area, the prevailing winds are from the west or 
northwest, and the western slopes tend to be 
somewhat colder than the eastern slopes. The 
thickest accumulations of snow are likely to be 
east of the ridges, and patches in sheltered 
ravines near the Divide last through the sum- 
mer. Under a thick cover of snow, the soil tem- 
perature remains close to 32°F, even when the 
air temperature is much lower, provided the 
snow comes before very cold weather (Fitton 
and Brooks, 1931). Thus a fair estimate of mean 
annual soil temperature can often be obtained 
by taking 32°F for the months in which the 
mean air temperature is below 32°, and the ac- 
tual mean air temperature for the other months 
(Lane, 1923; Hotchkiss and Ingersoll, 1934). 
In this way, “soil” temperatures have been 
estimated for a few stations (Table 4). Clearly 
the rate of decrease of this temperature is 
smaller than for air temperature, but these esti- 
mates should not be taken too seriously. For 
example, the surface rock temperature at Grand 
Lake may be found, by extrapolation of the 
tunnel temperatures near the West Portal, to 
be 43.5°F, to be compared with the “estimated 
surface temperature of 41°F, and with the mean 
annual air temperature (1940-1947) of 36.4°F. 
The temperature estimated in this way can 
evidently not fall below 32°F and may be too 
high for bare, wind-swept surfaces at high alti- 
tude. For lower surfaces, the mean monthly air 
temperature may never fall below 32°F, and yet 
the mean soil temperature ordinarily exceeds 
the mean air temperature. 

The kind of soil or surface cover is also a 
factor. The temperature of interest in geo- 
thermal work is the surface temperature which 
would be found by extrapolation of “rock” tem- 
peratures to zero depth. Since the conductivity 
of soil or of slide rock is usually lower than that 
of the bedrock, the gradient will increase close 
to the surface. As a result, the rock tempera- 
ture found by extrapolation to zero depth is 


likely to be greater, not only than the mean air 
temperature, but also than the mean soil tem- 
perature near the surface. Unless the soil is 
very deep, this latter difference will probably 
not exceed a degree or so. Larger differences 
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The solid line is the least-squares straight line 
fitted to the mean annual air temperatures. The 
broken line gives the variation of surface rock 
temperature with altitude adopted in this work. 

















may arise from the effects of flowing ground 
water. 

The results of the studies of soil temperature 
are summarized in Table 5. Many of the values 
are in good agreement. There is evidently room 
for further work on this subject, and measure- 
ments at some standard depth at established 
weather stations in the mountains would be of 
value. It is here assumed that the best value for 
the rate of decrease of surface temperature is 
4.5°C/km, or 2.5°F/kft. Probably this figure 
is in error by no more than 1°C/km, and it is 
probably too low rather than too high. As this 
is very nearly additive in the final value for the 
gradient, a correction may easily be applied 
when a better value is obtained. In Figure 4 
(broken line), a line with this slope has been 
drawn through the temperature of 44°F at 
8300 feet; this is the surface rock temperature 
at mean tunnel level found from the whole set 
of measurements in the tunnel. (See Figures 
8, 9, 10, 11.) This line defines the surface tem- 
peratures, as function of altitude, implied in 
the following reduction. Deviations from this 
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line may be as great as the deviations of the 
mean air temperatures shown in Figure 4. 
The topographic correction is based on an in- 
tegration over the surface in circular zones over 
which some of the deviations may be expected 
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and climatic variation. We require a reconstruc. 
tion of the topography at the beginning of the 
Pliocene, some account of the rate of develop. 
ment to the present surface forms, and a rough 
calendar of Pleistocene climatic change. 


TABLE 5.—RATE OF DECREASE OF MEAN ANNUAL Sort TEMPERATURE WITH ALTITUDE 




















Region Depth a eneusemant ens 5 tea hates 
Alps, Gothard (Shallow springs) 4.3 Stapff, 1883 
Central Tyrol (Shallow springs) 4.4 Kerner, 1905 
North Tyrol (Kalkalpen) 8.0 Kerner, 1905 
Alps 4.4 Koenigsberger, 1908 
Simplon 1-1.5 4.57 Niethammer, 1910 
Simplon 1 5? Schardt, 1914 
Alps 4.3 Mezger, 1915 
Alps 4.3 Maurer, 1916 
Arizona (summer only) 0.1 7 Shreve, 1924 
Central Alps (springs) 3.5-4 Jackli and Kleiber, 1943 











to compensate one another, but a considerable 
part of the remaining deviations of corrected 
temperatures probably arises from deviations 
of the surface temperature from the assumed 
linear dependence on altitude. 


Gerotocic History 


As the processes of geology are continuous, 
there is seldom a clearly defined situation re- 
sembling the “initial conditions” of mathe- 
matical physics. Though an element of vague- 
ness is necessarily present, it need not deter us 
from seeking a useful approximate solution. 
The greatest depth of cover above the Adams 
Tunnel is about 1 kilometer, so we are not 
seriously concerned with the surface history 
prior to, say, Pliocene time. On the other hand, 
the present temperatures near the surface are 
not materially affected by changes at depths 
greater than 30 or 40 kilometers which may 
have taken place later than Miocene time. The 
widespread igneous activity of Oligocene or 
Miocene time appears to have had minor and 
localized expression in the region of interest, and 
for the moment corrections for such dis- 
turbances are neglected. 

The most important corrections to the ob- 
served temperatures depend upon the surface 
history of the Pleistocene and Pliocene. The 
principal factors are general uplift, erosion, 


The physiographic history of the Front Range 
and of neighboring mountain provinces has 
been discussed by a number of authorities with 
a striking diversity of opinion, particularly with 
respect to those elements of most importance 
for our present purpose. A geophysicist would 
be rash to attempt to choose among these con- 
clusions; instead, the various proposed physio- 
graphic histories will be examined only with the 
intention of setting upper and lower limits for 
the implied corrections to the thermal gradient. 
Attention must thus be given chiefly to the 
most divergent proposals, rather than to a 
larger number among which the differences 
bear on points less relevant to the present issue. 

Representing one extreme of the range of 
conclusions is the work of Wahlstrom (1947), 
whose views are stated succintly in his 
abstract: 


“The multiple peneplain hypothesis for the Front 
Range of Colorado is rejected as unsatisfactory. 
Re-examination of all available types of evidence 
indicates that remnants of only one extensive pre- 
Pleistocene old-age surface are present. This sur- 
face probably reached its maximum development 
in late Pliocene or early Pleistocene. Uplifts ini- 
tiated in late Pliocene or early Pleistocene at- 
celerated erosional processes which resulted in deep 
dissections of the uplifted surface during later 
Pleistocene to produce the modern canyons and 
valleys.” 


Wahlstrom has been kind enough to suggest 
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figures for the maximum amount of uplift 
which may have taken place since the develop- 
ment of this old-age surface, which, in Rocky 
Mountain National Park, now lies at about 
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Though with a shorter time scale, Wahl- 


strom’s view in general outline resembles the 
earlier conclusions of Davis (1911), Atwood and 
Atwood (1938a; 1939b), and Powers (1935), 





























FicurE 5.—Biock Diacram SHowinc “Two-Cycie” Evolution OF THE FRONT RANGE, AFTER 
W. M. Davis 


12,000 feet. Following his ideas, we have the 
following account of late Cenozoic history: 

(1) Early Tertiary folding and uplift was 
followed by a long period of erosion; by late 
Pliocene or early Pleistocene, there had de- 
veloped a widespread old-age surface, lying 
perhaps as low as 5000 to 6000 feet above sea- 
level, “locally interrupted by 2000-foot monad- 
nocks,” and continuing east with little change 
of slope onto the High Plains. 

(2) Beginning in late Pliocene or early 
Pleistocene, a series of uplifts raised this sur- 
face to about 12,000 feet along the Continental 
Divide, by faulting or upwarping or both, so 
that different parts of the original surface were 
raised to different present altitudes. 

(3) During the uplifting, and as a result of 
the new elevation, the present canyons and 
valleys were excavated “subsequent to the 
deposition of pre-Wisconsin till by an ice sheet 
moving over a relatively flat surface.” 

The uplift along the Divide may be as great 
as 6000 or 7000 feet, accomplished since “late 
Pliocene or early Pleistocene”, a time which we 
may estimate as between 1 million and 4 
million years. 


and appears to be consistent with the recent 
work on South Park (Stark ef al., 1949, p. 
146-149). 

At the other extreme with respect to the age 
of the surfaces are the conclusions of Van Tuyl 
and Lovering (1935), who find evidence for 
from five to eight peneplans, the youngest of 
Miocene age, plus a number of minor surfaces. 
On this view, the present altitude of the Front 
Range was reached by more gentle stages, with 
the total uplift since the last general planation 
distributed over the 15 or 20 million years 
since Miocene time. 

The views of other writers are intermediate 
between the extreme positions of Wahlstrom, on 
the one hand, and of Van Tuyl and Lovering on 
the other, as indicated by a comparison given 
by the latter (1935, Fig. 2) of the ages assigned 
to various surfaces by earlier writers. Nearly all 
accept a long period of planation resulting in 
the “Flat Top” surface, which is regarded as 
reaching maturity at different times, in all cases 
somewhat earlier than the period assigned by 
Wahlstrom. 

For definiteness, let us take this “Flat Top” 
surface, now at roughly 12,000 feet and existing 
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only as a remnant, as initially a peneplain of 
considerable extent at some lower level. If the 
uplift since this initial state is distributed over 
15 million years, the correction for uplift is 
negligible, and the range may for this purpose 
be considered to have possessed its present alti- 
tude (though not necessarily its form) for all 
time. On the other hand, uplift of 7000 feet 
uniformly distributed over 1 million years would 
result in an apparent mean gradient near the 
surface about 0.8°F/kft, or 1.4°C/km, too 
high. For the same amount over 4 million years, 
the effect is one-half, or 0.7°C/km. For 16 
million years, this is again halved and becomes 
negligible. These estimates are based on the 
assumption that the uplift is proportional to the 
time during these intervals, evidently a drastic 
simplification of a process which probably com- 
prises intervals of rapid uplift, perhaps even of 
subsidence; but if the total amount of rise 
and the total duration are correct, the approxi- 
mation should be sufficiently close, and there 
seems to be little basis for more elaborate 
computations. 

The correction for general uplift is not the 
only one which depends on the dating of the 
last peneplanation; erosion of the present land- 
scape from this initial surface also may be as- 
signed to the interval since this stage. Again, if 
the time is as long as post-Miocene time, there 
is a close approach to the “steady state”; but 
there are appreciable corrections for a time of 
1 million years, which will be described and 
applied in subsequent sections. In the end, the 
difference between the steady-state solution, 
which leads to an upper limit for the thermal 
gradient, and the lower limit, which I suppose 
to be given by the most extreme form of 
Wahlstrom’s conclusion (7000 feet uplift in 1 
million years), is about 20 per cent of the 
gradient, the largest uncertainty in the deter- 
mination of the corrected gradient and of the 
flow of heat. 


THERMAL GRADIENT 
Historical Review 
The underground temperatures in moun- 
tainous regions are closely related to the topog- 
raphy, and the isothermal surfaces, though 
smoother, tend to follow the broad trends of 
the ground surface, rising under peaks and 
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falling under valleys. The situation is compli- 
cated by the fact that the surface temperature 
also depends upon altitude, so that the ground 
surface is not an isothermal surface, and the 
first “continuous” isotherm is encountered only 
at the bottom of the deepest valleys. The iso- 
thermal surfaces are in general more widely 
spaced under peaks than under valleys, or in 
other words the vertical gradient of the tem- 
perature is lower under the peaks than under 
the valleys. Thus, the temperature at a given 
distance below a peak will be lower than at the 
same depth below a plane surface, other condi- 
tions being equal, and similarly, at a given 
depth below the bottom of a valley, the tempera- 
ture will be higher than for an equal depth below 
a plain. 

These relationships became clear as a result 
of the observations carried out in the Alpine 
tunnels. It is useful to examine a few of the 
principal studies, though no attempt is made to 
give a comprehensive account of this volu- 
minous literature; an excellent bibliography is 
given in the review by Stiny (1933). The meth- 
ods developed for these studies, though of inter- 
est, are not adequate for the present purpose. 

Although Giordano made a few measure- 
ments of temperature in the Mt. Cenis Tunnel, 
Stapff (1877) made the first systematic study 
of this kind during the penetration of the 
St. Gothard massif. A number of writers, in- 
cluding Stapff, Osmond Fisher, Prestwich, 
Thoma, Koenigsberger, Anderson, and others, 
have discussed these measurements. On the 
basis of these observations Stapff predicted the 
high temperatures later found in the Simplon 
Tunnel, where a number of authorities, includ- 
ing Lommel and Heim (Schardt, 1914, p. 3), 
believed much lower temperatures would be 
encountered. The extensive measurements by 
Schardt in the Simplon Tunnel have also been 
discussed by Koenigsberger and Thoma 
(Koenigsberger, 1908), by Niethammer (1910- 
1912), and by Somigliano and Vercelli (1913). 
Observations in a number of lesser tunnels have 
been briefly summarized by Koenigsberger 
(1937). Van Orstrand (1934b) has given a 
short account of some measurements in the 
Moffat Tunnel in Colorado. 

In this work are several levels of analysis. 
In the first, mean gradients are found by 
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schemes of averaging the surface altitudes along 
and across the tunnel line for arbitrarily selected 
distances. It is recognized that the vertical 
distance from tunnel to surface is not the de- 
termining factor for the temperature at tunnel 
level, but no use is made of the theory of con- 
duction of heat in finding the appropriate 
method of averaging. This intuitive approach 
is used by Stapff, Osmond Fisher, and 
Niethammer. 

On the next level, the problem of the distri- 
bution of temperatures is considered in terms 
of Fourier’s theory, as a steady-state distribu- 
tion satisfying certain boundary conditions. 
In its general form, this is a problem in potential 
theory known as Dirichlet’s problem, for which 
closed solutions are available when the bound- 
aries have certain simple forms. The first 
attempt along these lines was by Thoma (1906), 
who obtained a particular solution for a corru- 
gated boundary of infinitely extended parallel 
ridges and valleys. By fitting one of the theoreti- 
cal ridges to the major dimensions of the profile 
along the St. Gothard Tunnel, Thoma found 
that he could account for the rise of tempera- 
ture with the assumption that the gradient 
approached a limit at great depth equal to 
27°C/km, a value often found in wells in flat 
country. Thoma’s method was later applied 
to the Simplon observations by Koenigsberger 
with fair success, though the differences be- 
tween observed and calculated temperatures 
are frequently several degrees (Centigrade). 
Some improvement was obtained by introduc- 
ing corrections for the effects of schistosity 
upon thermal conductivity and of flowing 
water. The first factor was of minor impor- 
tance, and the second of consequence only in a 
portion of the Simplon Tunnel where exceed- 
ingly large flows occurred (more than 1000 
litres per second). The correction for water cir- 
culation, of an empirical nature, is not of gen- 
eral applicability. 

Thoma’s work has been critically reviewed 
by Volterra (1912) and by Somigliano and 
Vercelli (1913); the latter proposed a more gen- 
eral form of solution in terms of sums of 
products of exponentials and sines or cosines 
with coefficients determined by the shape of the 
surface. Though in principle this form of solu- 
tion might be applied to a three-dimensional 


problem, the determination of the coefficients 
requires the solution of a great number of simul- 
taneous equations, a thoroughly impractical 
procedure. In the end, Volterra dismisses the 
problem as “practically insoluble,’ while 
Somigliano and Vercelli are content with a two- 
dimensional treatment of the Simplon, which, 
in spite of a laborious computation, leads to a 
calculated profile of temperature at least as gen- 
eralized and unrelated to the details of the 
topography as Thoma’s, with deviations reach- 
ing 5°C or more. As we shall see, a good two- 
dimensional approximation may be obtained 
with much less effort. 

The methods discussed thus far depend upon 
periodic solutions—that is, it is assumed that 
there is some unit of “mountain” which is re- 
peated indefinitely in either one or two dimen- 
sions. A more useful solution, for a single iso- 
lated ridge of infinite length on the surface of 
which change of temperature is proportional to 
the altitude, was given by Lees (1910). This 
solution is derived from the logarithmic po- 
tential and is composed of a uniformly increas- 
ing temperature, plus the field of a “line 
doublet.” By placing this doublet at different 
distances from the surface of the “plain,” it is 
possible to obtain surfaces of different shapes on 
which the boundary conditions are satisfied, 
and hence to fit the solution to single ridges of 
simple symmetrical cross section. Van Orstrand 
has applied this treatment to several localities, 
including the Moffat Tunnel. The solution is 
exact for a particular profile, assumed to be the 
same for all parallel sections; an approximation 
enters in fitting this mathematical profile to 
irregular real profiles. We shall employ this 
solution to estimate the accuracy of the method 
adopted for the present work. 

A much more flexible method, on which the 
corrections applied below are based, has been 
proposed by Jeffreys (1938) and further de- 
veloped by Bullard (1938). Jeffreys derives the 
correction from a result of potential theory, 
known as the Poisson integral, for the potential 
in the interior of a sphere on whose surface the 
potential satisfies given continuous boundary 
values. By considering depths small with respect 
to the radius, Jeffreys transforms this to a 
formula for a semi-infinite region with a plane 
boundary on which the potential (in this case, 
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the temperature) is known. The effect of ir- 
regular terrain at an interior point is then 
treated as equivalent to a distribution of tem- 
perature over a plane near or at the surface 
above the point, proportional to the distance 
from the plane to the true surface and to the 
difference of (undisturbed) gradients in rock 
and air. This correction is therefore approxi- 
mate, as the true temperature on this plane 
differs from the assumed temperature because 
the true gradient differs from the undisturbed 
gradient. Jeffreys restricts this treatment to 
the case where the relief is small by comparison 
with the depth, but Bullard has applied it to 
one point in the Simplon Tunnel. It is of interest 
to evaluate the error involved in this approxi- 
mation for a few examples where the exact solu- 
tion is known (Appendix A). Even rough 
topography can be treated with fair success. 

With this form of correction we are no long 
limited to two-dimensional shapes, but may 
take account of as much of the irregularity of 
the terrain as we wish, within the limits of ac- 
curacy of this approximation. Furthermore, by 
deriving the correction from the theory of the 
conduction of heat, instead of from potential 
theory, we can investigate the effect of the rate 
of development of the topography—that is, 
allow for a finite time of uplift and erosion of 
the present range. The difference between the as- 
sumption of finite and of infinite age is appreci- 
able, but entering as a moderate correction it 
need not be determined with high accuracy. 
Though at first sight the introduction of the time 
seems to complicate the problem, in practice an 
important simplification is thereby effected; for 
whereas in the potential problem the effect of 
“all” topography must be computed, in a finite 
time, say a million years or so, only the topog- 
raphy within a few tens of miles can have a 
perceptible influence, and the amount of map 
reading is reduced. 

Another possible approach to the present 
problem is the “relaxation method” (Emmons, 
1943; 1944), either in the three- or two-dimen- 
sional form. The three-dimensional problem is 
extremely cumbersome, however, and in any 
case it is necessary, in the process of reaching a 
solution, to find the temperatures at a whole 
network of points of no interest for our purpose. 
The two-dimensional method developed below 


is much simpler for problems involving a half. 
space with an irregular boundary of relatively 
broad curvature. 


Theory of Thermal Effects of Topographic 
Evolution 


In this section we take up the mathematical 
treatment of the changes of temperature in the 
interior of a mountain range as it is uplifted and 
dissected. The theory of the conduction of heat 
is a well-developed subject, rich in solutions of 
particular problems and in methods for attack- 
ing new ones. Several excellent texts are avail- 
able and are drawn on freely in the interest of 
brevity. For the nonmathematical reader, the 
basic assumptions, rather than the analytical 
details, are of principal interest, and these will 
be first set forth. The assumptions are givena 
very definite form, which cannot be justified in 
detail; however, the results are to a large extent 
independent of these assumptions: with a con- 
siderable variation of premise the conclu- 
sions would remain unaltered. 

It is first assumed that the whole mass of 
material forming the Front Range in the neigh- 
borhood of the Adams Tunnel is thermally uni- 
form, possessing a single value of thermal 
diffusivity k. This assumption is supported by 
the measurements of conductivity and density 
described below, a fortunate circumstance, for 
with a variable diffusivity the theory would 
become extremely complicated. There are, of 
course, irregular variations on a small scale, 
and also systematic variations depending upon 
temperature and stress. Such variations, if 
sufficiently large, should give rise to observable 
deviations from the theoretical conclusions. It 
is also supposed that the transfer of heat is by 
conduction only. 

The evolution of the topography is assumed 
to have taken place as follows: At some time in 
the past, there existed a plane, horizontal sur- 
face in this region, beneath which the tempera- 
ture was so adjusted that the isothermal sur- 
faces were also plane and horizontal with a 
uniform vertical gradient of temperature. Be- 
ginning at a certain moment, this surface moved 
upward at a uniform rate and began to be 
carved into its present shape. The upward move- 
ment and the erosion proceeded simultaneously, 
the latter at a rate variable, from point to 
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point, but independent of time, just sufficient to 
produce the present relief at the present time. 
The calculations are carried out for different 
values of the amount of uplift and of the inter- 
val since the time of the “initial” plane surface. 
As a special case, the topography is supposed to 
have had its present shape and altitude for all 
time; this “steady-state” assumption leads to 
the largest value for the corrected thermal 
gradient. The corrections for uplift and for 
erosion both lower the corrected gradients, by 
amounts depending upon the times of develop- 
ment and amount of uplift. 

In Appendix B it is shown that the actual 
shape of the “initial surface” is of little con- 
sequence; even topography as rough as at pres- 
ent would have an unimportant effect upon the 
result. Thus the assumption that the initial 
surface was plane is not necessary, but it is 
convenient and definite. 

The evolution of the surface has now to be 
translated into variations of temperature. Uplift 
has the effect of cooling the surface, according 
to a linear decrease of surface temperature with 
altitude. Erosion exposes regions, originally 
blanketed by some thickness of rock, to the 
lower surface temperatures. At every stage, the 
temperatures in the interior are adjusting to 
the changing surface temperatures, and equi- 
librium is reached only in the limiting ‘“‘steady- 
state” or standstill solution. 

The solution finally obtained is an approxi- 
mation, in that the effects of changes of tem- 
perature on the true surface are considered 
equivalent to the effects of the same changes 
on horizontal planes near the surface. The valid- 
ity of this approximation is examined for a few 
cases where exact solutions can be obtained 
(Appendix A). Furthermore, it is supposed that 
the changes of temperature on the surface are 
proportional to the time, measured from the 
initial “instant”, at which uplift and erosion 
commenced. This is not quite equivalent to the 
assumption that the rates of uplift and erosion 
are proportional to the time (see Benfield, 
1949a; 1949b), but, for the slow rates of these 
processes, the difference is inappreciable; the 
real history was undoubtedly more complex. 

The result of the analysis is that the present 
temperature T at a point in the tunnel at a 
vertical distance z below the present surface is 


given by a relation of the form 
T = To + a'Laz + (a — a')[s — h(t) + ax(D — 2)) 


where a@ is the thermal gradient in the rock in 
the “initial” state—that is, with a plane hori- 
zontal surface; a’ is the rate of increase of 
surface temperature downward; L the amount 
of uplift; D the distance of the tunnel level 
below the original plane surface; T, the present 
surface temperature at tunnel level; a and h(t) 
functions of the time, to be calculated below. 
The topographic correction appears as a cor- 
rection to z, principally A(t). A plot of T — 
a'Laz versus the “corrected depth,” [z — h(t) 
+ az(D — 2)] should thus give a straight line 
with the slope (a — a’); from this, by adding 
a’, we obtain the required a. These quantities 
are plotted for various times of evolution in 
Figures 8-11. 

Our starting point for the calculation of the 
topographic correction is the solution for the 
temperature produced by a “point doublet” 
(Carslaw and Jaeger, 1947, p. 228). The tem- 
perature at the point (x, y, z) due to an “‘in- 
stantaneous point doublet” of strength Q, 
parallel to the axis of z and located at the point 
(x’, y’, 2’) is 
20(z — 2’) 


(1) v(x, 9, 2, t) = 92(4p1)8/2 


exp (— R*/4kt), 
where R? = (x — x’)? + (y — y’)? + (z — 2’), 
and ¢ is the time since the initiation of the 
doublet; this result holds for a continuous 
medium of uniform thermal diffusivity k. 

If, instead of an instantaneous, there is a 
“continuous” doublet at (x’, y’, 2’) of strength 
Q(#) varying with time, the temperature 
becomes 


2(z — 2’) 
= 


v(x, y, 2,2) = 

7" ’) 
_ Ot’) at’ ; 

/ i x eg ype OP [—R?/4k(¢ — #’)] 

It is further demonstrated (Carslaw and 

Jaeger, 1947, p. 230) that the boundary, z = O, 

of a semi-infinite body or half-space may 

be maintained at the varying temperature 

f(x’, y’, t) by means of a distribution of con- 

tinuous doublets over this surface, with their 

axes parallel to the z-axis, and strength 
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O(x’, 9’; t) = 2k S(z’, y’; t)dx'dy’, integrated 
over the surface (z = O). 

Then the temperature at an interior point 
(x, y, 2), produced by the distribution of tem- 
perature f(x’, y’, é) on the surface, for ¢ > O, 
is (Carslaw and Jaeger, 1947, p. 229, 308): 


v(x, ¥, %, t,) = my =f [ [ 


f(z’, 9 *,t) R t Au’ Ast 
‘ae — 1? [- see — por | ee wd 


The element of surface, dx’dy’, produces the 


disturbance: 
ay 
wilt 0 
f(z’, y', 


, R . , ; 
nen - ae - maar dx’ dy 


If we assume that the temperature of this ele- 
ment of surface varies linearly with the time, so 
that f(x’, y’, t’) = t’ F(x’, y’), we can perform 
the integration with respect to ¢’. After a stand- 
ard change of variable, witht = R/+/4k(t — ¢’), 
this integral (omitting the factor 4kz/2*/*) 
becomes 


(3) 





dv(x, y,z,)) = 
(4) 


2 
() a if le — Ry (Abele He de = wMB(6)/4. 


Here we have put 8 = R/+/4ét, and introduced 
the function: 

E(8) = 2 erfc B — 4 iterfc B (see Notation 
and Abbreviations). 

The effect of the element of surface dx’dy’ 
thus becomes 


(6) do(x, y,2z,¢ = F(x’, y’)E(8) dx’ dy’ 


~, 
and the effect of the whole surface is to be found 
by integration with respect to x’ and y’. For 
the three-dimensional case, it is convenient to 
substitute the cylindrical polar coordinates r 
and @ for x’ and y’, where r? = (x — x’)? + 
(y — y’)?, and ¢ is an angle measured in the 
(x, y) plane, with vertex at (x, y, 2). In these 
variables, (6) becomes: 


(7) dv(x, y, 2, ) = eh” ¢)E(8)r dr do; 


the effect of the whole surface at the interior 
point (x, y, z) is 


easoet ff 
»y,2,4) = — 
ets =k | 


f(r, ¢, A) E()r dr do/R 


since at the present time, ¢, we have ¢ F(r,¢) = 
I(r, , t), the present temperature at the point 
(r, @) on the surface, z = O. If we suppose that 
the present distribution of temperature has 
persisted for an infinite time (¢ = ©), the func- 
tion E(8) becomes unity, and we find the 
steady-state correction function of Jeffreys and 
Bullard. For near-by elements of surface, or 
R small, E(8) is nearly equal to 1 but the 
effect of more distant points is appreciably re- 
duced even when times of the order of several 
million years are considered. 

In the present application, the integration of 
(8) is numerical, and the introduction of the 
function EZ(8) presents no difficulty. This func- 
tion is given for a few values of 8 in Table 6 
and plotted as function of R for several values 
of ¢ in Figure 6. A different correction function 
would be required for a different assumption 
regarding the dependence of surface tempera- 
ture upon time. 

For a change affecting the whole surface by 
the same amount, so that F(r,@) = A, a con- 
stant, we can integrate at once with regard to 
r and @; we have 


zl [ 


ce 





(9) 
rar 
= aa [ E(8) = 
0 


since E(@) is independent of ¢. Now R? = 
r + #; for a fixed depth z, r dr = RGR, and 
with 8 = R/+/4kt, as above, the integral is 





E(g) dg 
= Al-Aierfc 7; 
(10) V 4k Tal, “6 
y = 2/V/ 4kt. 


The same result is found directly by using the 
theorem giving the disturbance of tempera- 
ture in a uniform half-space by a uniform sur- 
face temperature varying with time (Carslaw 
and Jaeger, 1947, p. 45). 

We shall require this result only for small 
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values of the argument y, for which 4i*erfc y 
becomes approximately 1 — 4y/4/e + 
2y? + ... , ornearly enough, 1 — 4y/+/m = 1 
- 22/+/ akt. We notice that the gradient of 


TABLE 6.—CORRECTION FUNCTIONS FOR SURFACE 
CHANGE PROPORTIONAL TO TIME(?) 



































R R R R (miles) 
Fa |* (Fa) | °F) p= iy [1 = amy 
(k = 0.02 cm?/sec) 
0 1.000 1.000 0 0 
| 982 -950 1 2 
Py .932 .854 2 4 
3 .860 741 3 6 
A .773 .627 8 
a .679 .518 5 10 
6 .583 .426 6 12 
x .490 . 332 7 14 
8 .404 .259 8 16 
9 .326 .198 9 18 
1.0 .258 .149 10 20 
1.1 .200 .110 11 22 
1.2 .152 .079 12 24 
1.3 115 .057 13 26 
1.4 .083 .040 14 28 
1.5 .060 .027 15 30 
2.0 .009 .003 20 40 





R 
F ——— es 4q = | 2 t 
or V4 0.1, k 02 cm?/sec and 


= 1 My, we have: R = 1.587 km = 0.986 miles, 
or closely enough 1 mile. 


this quantity (with respect toz) is — 2/+/rkt, 
or just twice the value for a sudden change of 
surface temperature at the time ¢ = O (Carslaw 
and Jaeger, 1947, p. 45 (i)). 

The solution (8) may be interpreted geo- 
metrically as follows: the quantity 2 r dr dp/R? 
is the element of solid angle, dQ, subtended at 
the point (x, y, 2) by the element of surface 
r dr dp of the plane z = O. This element of 
surface is bounded by the concentric circles 
having the center (x, y,O) and radii r and 
r + dr, and by the axial planes of azimuth 
@ and @ + dg. The steady-state solution is 


Qe 
(11) v(x, y, 2, 0) = 5 f(r, ¢) dQ, 
2x Jo 


the integration being extended over the whole 
plane, z = O. This is a known result for the 


potential of a “double distribution” on an 
infinite plane surface (Kellogg, 1929, p. 243). 
When the surface temperature depends linearly 
on the time, the function E(@) gives the corre- 
sponding correction for each element of solid 
angle. 
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FicurRE 6.—CorREcTION Function E (R/4kt) For 
Various Truss ¢ (k = 0.02 cm? sec) 
This function is equal to 1 for all values of R 
in the steady-state case (t = infinite). 


This interpretation is especially useful in two- 
dimensional problems. Suppose, for example, 
that the surface temperature varies only with 
the x-coordinate. Then the steady-state inte- 


gral becomes: 
2x 


(12) v(x, z, 0) = Ze f(x’) dQ, 
2x 0 


but now the element dQ is the dihedral angle 
subtended by the strip of width dx’ at the 
point (x, 2); if dW is the plane angle (in the 
(x, z) plane) subtended by dx’, and y is meas- 
ured from the vertical (z axis), we have dQ = 
2d¥, and 


1 w/2 
1) 4,2, 0) = [ fle’) dy. 
® J_-2/2 


This integral is readily calculated approxi- 
mately by graphical methods. 

For a surface temperature f(x’, ¢), a correc- 
tion function similar to E(8) can be computed 
by using “line” instead of “point” doublets. If, 
in particular, f(x’, t) = ¢ F(x’), it can be shown 
that the temperature is given by: 


a/2 
(14) = ox, z, 4) = | f(x’, NG(R, t) dy 
Lal 2/2 


with G(R, #) = (R*/4kt) Ei (—R?/4kt) + 
exp (—R?/4ki), R? = (x — x’)? + #, and 


—Ei(-—x) = / z-1e-* dz, the “exponential 
z 
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ntegral.”” The function G(R, #) is given in 
Table 6 for a few values of the argument, 
iR/+/4kt. 

In the application of (8) to three-dimensional 
problems in which f(r, ¢) must be determined 
from a map, it is convenient to effect a further 
transformation. Consider a ring between two 
radii r; and re, centered at the point (x, y). 
The contribution of this ring is 

"s rdr f* 
(15) Av(x, y, 2, 4) -/ 20) | T(r, &, t) do 
Le | 
Let f(r, t) be the mean value of f(r, ¢, #) in 
this ring; then 


Av(x, y, z, ) = Als, 2) i * Ba)ear/R® 
r1 


= flr, ))E-AQr/2e 


where AQ, is the solid angle subtended by the 
ring at (x, y, 3) and E, is a mean value of E(8) 
for this ring. The “weight” of this ring, AQ,/2x 
is given by 


(16) 


2 
(17) AQ,/22 = ef r dr/R® 


= (2/2? + 1)-¥2 — (¢3/2* + 1-9, 


For approximate numerical computation, the 
integral (8) is replaced by a summation for a 
finite number of rings, and we have finally, 


(18) v(x, 9, 2, ) = zh, )E,AQ,/2x 


The “weights,” AQ,/2m, as given by (17) are 
conveniently found by using tables of squares, 
square roots and reciprocals, such as Barlow’s 
Tables, or trigonometrical tables, since, if r/z 
= tan 0, (r?/z* + 1)-? = cos 6. A template, 
divided into rings and sectors by suitably spaced 
circles and radii, is useful here as in the compu- 
tation of terrain corrections for gravity, but, 
as the depth z commonly varies from point to 
point, the weights of the compartments also 
vary and must be computed for each point. 

In the reduction of the integral to a finite sum, 
fine points with regard to the mean values have 
been neglected, but as the variation of E(@) is 
relatively small until the outer rings are 
reached, no serious error is to be anticipated 
from this source. 

It is also possible to plot the integrand of (8) 
as a function of r and to obtain the integral 


by graphical quadrature. The method of sum- 
mation is somewhat more flexible and less labori- 
ous for a large number of points and for a 
variety of assumptions with respect to the time 
of development /, particularly when a com- 
puting machine is available. This method is 
illustrated in detail in Table 10. 

We have found the effect at an interior point 
of a changing distribution of temperature on a 
plane boundary, when the change is every- 
where proportional to the time elapsed since 
some initial condition. In the form (8), this is 
an exact solution, subject to the assumptions 
made. We have now to adapt this solution to an 
approximate treatment of the problem in hand. 

For the initial condition, imagine a plane 
boundary, on which the temperature has been 
uniform and constant for some millions of years. 
The material is supposed to be uniform, with a 
uniform rate of increase of temperature down- 
ward, the gradient near the surface being desig- 
nated a. We now think of this plane as uniformly 
uplifted by a total amount Z and, at the same 
time, as eroded into the shape of the present 
surface. Our problem is to find the changes of 
temperature at points in the interior. It is useful 
to consider several points, as shown in Figure 7, 
and to form the initial and final temperatures 
and the differences. 

Let the temperature on the original surface 
be T,. This surface is uplifted by an amount L; 
with a linear decrease of surface temperature 
with altitude, with gradient a’ (positive down- 
ward), the temperature on the uplifted surface 
will be 7, — a’L, and the change, —a’L. 
Consider a point Ps, originally at a depth d 
below the surface, but now, because of erosion, 
on the surface. The original temperature was 
T, + ad, the present temperature is T, — a’L 
+ a‘d, and the change, —a’L — (a — a’)d. 
Let us take the horizontal plane through P; 
as a plane of reference, and measure relief h 
from this plane, with / positive for points below 
P:;. Then at P; (for which & is negative), the 
original temperature was T, + (d + h) a, the 
present temperature is 7, — a’L + a’(d + h), 
and the change, —a’L — (a — a')(d + hi). 
At P,, vertically under P;, but at the level of 
P:, the initial temperature was T, + ad, but 
the present temperature is T, — a’L + @ 
(d + h) — ah, where a”’ is the present mean 
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gradient between P; and P,. Finally, at Ps, at 
tunnel level, the original temperature was T, + 
aD, the present temperature, which has been 
measured, is J, and the change, T — T, — 
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us to obtain an approximate solution for 
(a — a’). Imagine the whole space below the 
plane through P; filled in, with the tempera- 
tures (or changes of temperature) prescribed 
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FicurE 7.—REFERENCE DIAGRAM FOR DISCUSSION OF TOPOGRAPHIC CORRECTION 


The “initial surface” indicated by the lower broken line is supposed to have risen by the amount L to 
the upper broken line; me this time, erosion reduces the initial surface to the heavy irregular “present 


surface”. For the changes o 


temperature, see Table 7. 


TABLE 7.—THEORETICAL TEMPERATURES AT VARIOUS POINTS DURING UPLIFT AND EROSION 























Point Initial Present Change 
P T. T, — a’L —a’L 
P; T. + ad T, —a’L+a’d —a’'L — (a — a’)d 
P; T. + a(d + h) T. — a’L +a'(d +h) —a’L — (@ — a’) (d+ h) 
Py T; + ad T. —o’L + a'(d + h) —a"’h —a’L + a’(d + h)—a"’h — ad 
P; T. +aD = T-—T,—aD 





aD. These quantities are summarized in 
Table 7. 

The approximation to be adopted consists 
in replacing the gradient a”, which varies from 
point to point over the plane through P; in an 
unknown way, by the constant gradient a, also 
unknown. This is also equivalent to distributing 
over the reference plane the changes found for 
the true surface; that is, the change found for 
P; is considered to act at P,, vertically below Ps 
but at the level of P:. This substitution enables 


over the whole plane in accordance with this 
approximation. The problem of finding the re- 
sulting change at P; has been solved above for 
the special case where the changes are propor- 
tional to the time elapsed since the initial state. 
For the general point on the plane of reference, 
such as P,, the present value of the change is 
—a’'L — (a — a’) [d + A(x, y)], when a is 
substituted for a”. All terms are independent of 
position on the surface except h(x, y), which 
must be found from the map. This change of 
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temperature is substituted for f(x, y, ¢) in equa- 
tion (8), and the integral then gives the change 
of temperature at P,. 

Let 2 be the distance measured downward 
from the reference plane to the point P;, so 
that d = D — z. Then the change at P; may 
be written: 


(244) T—T,—aD = —a'L 7 
— (a — a’)(D — 2) F(z, t) — (@ — a’ hit) 


where F(z, ) and A(t) are functions which have 
been calculated 


F(z, t) = 4ierfc(z/-V/ 4k) = 1 — 22/V ahi, 
h(t) = Dhp-E,AQ,/2x. 
With a = 2/+/ wht, (24) becomes 


(25) T — a'Laz = T, + a'(D — L) 
+ (@ — a’) [zs — h(t) + a2(D — z)] 


Now 7T,+ a’'(D — L) is the surface tempera- 
ture at mean tunnel level, say T,. Using the 
measured temperatures and the map, we can 
form pairs of values, T — a’Laz and [z — h(t) 
+ az(D — 2)] for every station along the tunnel. 
On plotting the former, the “corrected tempera- 
ture”, against the latter, the “corrected 
depth”, we expect to find a straight line with 
slope (a — a’) and intercept at zero depth 7., 
if the observations are consistent with our as- 
sumptions. The slope a@ finally obtained is cor- 
rected for topographic irregularity, for erosion, 
and uplift. 

The correction for general uplift appears in 
the term —a’Laz. Fort = 1 My andk = 0.02 
cm?/sec or 63 km?/My, this gives a correction 
to the temperature of about 0.8 z °F/kft, for 
L = 7000 feet; thus for z = 3000 feet, the cor- 
rection is 2.4°F. The effect on the slope (a — a’) 
is about 0.8°F/kft for ¢ = 1 My, and half of 
this, 0.4°F /kft, for = 4 My, again with L = 
7000 feet. This correction is easily varied or 
omitted. The effect on the slope of a sudden rise 
of 7000 feet, 1 My ago, is just half the effect 
calculated above for a gradual rise of this 
amount, distributed over the whole period. 

The correction for erosion to the reference 
level appears in the term az(D — 2); this 
vanishes for z = O and for z = D, and is greatest 
for zs = D/2. For D = 4000 feet—that is, with 
the “‘original’’ plane surface at a present altitude 


of 12,300 feet—the maximum is about 170 feet, 
for ¢ = 1 My, and 85 feet for 4 My. 

For the steady state, the terms in a vanish, 
and we have only 

T = T, + (@ — a’ [e— h(o)}. 

This treatment of the topographic correction 
is approximate, and it is important to obtain 
an estimate of the errors to be expected. This 
point is considered in Appendix A, where exact 
and approximate steady-state solutions are 
compared for a few simple forms resembling the 
major topographic features in the neighborhood 
of the Continental Divide. 

A discussion of various other departures from 
the assumed conditions is given in Appendix B. 

It may be helpful at this point to recall the 
significance of the “corrected gradient’”’, a. This 
quantity was introduced as the uniform gradi- 
ent under a plane horizontal surface at a steady 
uniform temperature, the “standard” condi- 
tions. It is tacitly assumed that during the 
evolution of the present topography from such 
ideal conditions the mean flow of heat to the 
surface has not varied appreciably. The assump- 
tions can be justified in terms of the geologic 
history of the Front Range, where the modern 
high relief has apparently developed from a 
relatively subdued landscape in no more than a 
few million years. The corrected gradient a is, 
therefore, the gradient beneath the old-age sur- 
face of Pliocene time. 


Calculation of Corrected Gradient, Adams Tunnel 


By means of the interpolation and adjust- 
ment described above we obtain 71 “observed” 
temperatures, all at an altitude of 8300 feet, 
and at 1000-foot intervals (with the single 
exception of the 26-27 interval). From these 71 
points, 20 nearly evenly spaced points (marked 
with large circles in Fig. 3) have been selected 
for detailed topographic correction. Finally, it 
is possible to use all 71 points by obtaining the 
necessary corrections by interpolation between 
the 20 fully corrected points. 

Most of the labor is in making the map read- 
ings which determine the function h(é) for the 
18 stations. It is convenient to divide the whole 
surface so that the individual sectors are of 
roughly equal, and sufficiently small weight 
(solid angle divided by 27). It is also con- 
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venient to use a single set of zones for all station 
but, since the depth varies, the weight of zones 
of fixed radii also varies. As a compromise, the 
radii £ the zones are selected so that, with a 
depth of 2009 feet, the weight of each ring is 
about 0.1, except for the outer rings where 
further subdivision reduces the difficulty of 
estimating mean altitude. Each ring is divided 
into 12 or 24 equal compartments each having a 
weight of 0.01 to0.005. The mean altitude of the 
surface in each compartment is then estimated 
from the map with the aid of a transparent 
template ruled to define the limits of the com- 
partments and centered on the station of 
interest. 

In many compartments the error in esti- 
mating mean altitude does not exceed the prob- 
able map error, perhaps of the order of the 
contour interval, 100 feet. In others, particu- 
larly the distant ones, the error of the esti- 
mate may reach 1000 feet. With 100 or more 
individual readings, the error on the mean or on 
h is much reduced, and aside from systematic 
errors may be as low as 20 feet. This is prob- 
ably smaller than the error inherent in the form 
of approximation for the topographic correc- 
tion, and a smaller number of readings would 
have sufficed. 

The radii and weights of the rings for a few 
typical depths are shown in Table 8. The outer 
rings are more important than would be judged 
from their weights, as in the nature of the 
topography the departure from the plane of 
reference becomes larger as we leave the moun- 
tains and pass onto the plains. For the rings of 
radius greater than 20 miles, however, the mean 
altitudes differ little for the different stations, 
and there is no serious error in using the same 
figures for these rings for all stations. An error 
of 1000 feet for one of these outer rings means 
an error of less than 15 feet on h, even for the 
deepest point. The correction for finite time of 
development (1 My or 4 My) nearly eliminates 
the region beyond 20 miles. 

The sector readings for a given ring are 
averaged to give the mean altitude for the 
whole ring. The mean altitudes of the rings out 
to 22 miles are shown in Table 9 for 18 selected 
stations. Beyond 22 miles, the altitudes adopted 
for all stations are: 22 to 40 miles, 8000 feet; 40 
to 100 miles, 7500 feet; 100 miles on, 5000 feet. 


With the experience gained in this work, a 
better choice of ring diameters could be made, 
with a smaller number of rings within 1 mile 
and several additional ones between 2 and 20 
miles. 


TABLE 8.—WEIGHTS OF RINGS 
For Various DEpTES 








Radius of ring, miles Weight of ring at depth z (feet) 





Outer 

















Inner z= 1000 | s = 2000 | s = 3000 

0 0.125 | 0.165 |) 
0.165 | 0.084 

0.125 .25 .231 |} 
0.25 375 | .153 | .124 .081 
0.375 5 097 | .107 .084 
0.5 .75 109 | .153 .147 
0.75 1.0 .059 | .097 .110 
1.0 1.25 .036 | .064 .080 
1.25 1.75 .042 | .078 .105 
1.75 2.75 .039 | .075 .098 
2.75 5.0 .031 | .061 .098 
5 10 019 | 038 .056 
10 22 10 | .021 .031 
22 40 004 | .005 .012 
40 100 .003 | .008 .009 
100 00 .002 | .005 .006 








The mean altitude is multiplied by the weight 
of the ring, and by the correction factor (£) 
depending upon the time assumed for the de- 
velopment. The “‘weighted”’ mean altitudes are 
then summed for ali rings to give h(t). The 
details of this work are given for station 37 in 
Table 10. This is the station with deepest cover 
and hence for which the outer rings are most 
important. For this station, most of the correc- 
tion depends upon the topography between 1 
and 20 miles away. The “effective depth,” 
z — h(t), for? = 1 My, is more than 10 per cent 
greater than for ¢ infinite. 

In the corrections which depend upon ?¢ for 
material between the surface and tunnel level 
at a mean temperature of about 10°C, a value, 
0.02 cm?/sec = 63 km?/My for the thermal 
diffusivity k has been adopted. This is slightly 
greater than the value (0.019 cm?/sec) which we 
obtain from the measured mean conductivity 
and density (see below), and a mean value, 
0.16 cal/gm.deg. for the specific heat. The 
constant & enters as a factor of the time ¢, which 
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a 
TABLE 9.—MeEan Surrace ALTITUDES FoR RINGS 1 
(kilofeet) : 
Ring diameters, miles — 
Station 
o% \ ay 4 x% -1 -1% -1% -2% -s { -10 | 2 
3 8.80 | 8.85 | 8.87; 8.87] 8.89] 8.86] 8.98| 9.29] 9.84] 9.90 10.24 9.50 a 
6 9.75 | 9.69} 9.62] 9.48] 9.31! 9.09 | 9.06] 9.30/ 9.84) 9.90 10.24 9.52 — 
9 | 10.30 | 10.30 | 10.22 | 10.07 | 9.81 | 9.53 | 9.48} 9.59 | 9.97 | 9.98) 10.24 9.52 
12 | 10.50 | 10.44 | 10.37 | 10.36 | 10 31 | 10.15 | 10.00 | 9.88 | 9.90 | 10.25) 10.16) 9.50 
15 | 10.70 | 10.75 | 10.75 | 10.81 | 10.87 | 10.72 | 10.43 | 10.24 | 10.27 10.56, 10.08) 9.48 
20 11.20 | 11.36 | 11.36 | 11.36 | 11.20 | 11.00 | 10.60 | 10.27 | 10.34 | 10.62) 10.06) 9.49 el 
23 11.05 10.88 : 10.76 | 10.70 | 10.66 | 10.64 | 10.70 | 10.94 10.72) 10.01) 9.49 
27 9.70 | 9.30] 9.98 | 10.18 | 10.47 | 10.71 | 10.84 | 11.18 | 11.18 | 10.81) 10.07) 9.33 / 
30 | 10.90 | 10.81 | 10.66 | 10.54 | 10.62 | 10.90 | 11.10 | 11.16 | 11.26 | 10.92) 10.07) 9.50 
34 | 11.70 | 11.74} 11.75 | 11.75 | 11.70 | 11.68 | 11.35 | 11.07 | 11.14 | 10.78) 10.10) 9.29 po 
37 12.04 12.02 | 12.03 | 11.83 | 11.62 | 11.41 | 11.43 | 11.15 | 10.75) 10.12) 9.40 
40 | 11.10 | 11.35] 11.57 | 11.58 | 11.48 | 11.50 | 11.60 | 11.52 | 11.16 | 10.73) 10.15) 9.52 Ficu? 
44 | 11.10 | 10.95} 10.77 | 10.69 | 10.66 | 10.89 | 11.04 | 11.15 | 10.99 | 10.66) 10.10) 9.54 T10 
48 | 10.00} 9.91° 9.99 | 9.98 | 10.07 | 10.25 | 10.40 | 10.65 | 10.76 | 10.58) 10.04) 9.56 ~- 
52 9.40 |:9.42 9.42 | 9.49! 9.65 | 9.89 | 10.01 | 10.22 | 10.50 | 10.44) 10.05) 9.56 Th 
55 9.30} 9.36] 9.42) 9.39 | 9.36} 9.59] 9.77 | 9.82 | 10.15 | 10.30} 10.05) 9.55 The 
60 8.80 | 8.88} 8.91 | 8.96] 9.09 | 9.24] 9.33 | 9.43 | 9.28 | 9.82) 9.89) 9.08 of th 
64 8.68 | 8.72 | 8.75 | 8.76} 8.82} 8.96] 9.07] 9.20 | 9.28 | 9.82) 9.89) 9.08 one 



































TaBLe 10.—Deraits oF CORRECTION FOR STATION 37 



























































z = 3800 feet ie 
Sita liana Ww cight of Mean dif. of Correction factor Weighted diff. of altitude, feet 
t= 4My ¢ = 1 My t=mo t= 4My #=1My ‘ 
8 wl 
0 - 0.25 0354 6 | 1 1 3.3 3.3 3.3 i. 
0.25 -— 0.375 .0578 80 1 1 4.6 4.6 4.6 
0.375- 0.500 -0656 70 1 1 4.6 4.6 4.6 
0.50 - 0.75 .1287 270 1 1 i 35 35 
0.75 - 1.0 . 1085 480 1 1 52 52 52 ™ 
1.0 - 1.25 -0852 690 1 99 59 59 59 
1.38 -. 1.3% .1184 670 1 -96 79 79 76 
1.75 - 2.75 1271 950 .97 91 121 117 110 
2.75 - 5.0 . 1108 1350 .93 77 150 139 115 “ 
5 - 10 .0707 1980 .80 Fe | 140 112 71 
10 -22 .0390 | 2700 49 .084 | 105 52 9 rn 
22 - 40 .0147 4000 .087 _ 59 5 — 
40 -100 .0108 4600 _ _ 50 — _ 
100 - .0072 7100 — _ 51 _— _ 12 
k® =| 910 660 540 o 
z— h(t) =| 2890 3140 3260 Lp 
. a 
is in any case assumed. A small change in k is the specific heat rises with increase of tem- : 7 
equivalent to a corresponding proportional perature. E f 
change of ¢. In later computations involving According to the theory developed above, a Ba 
deeper parts of the crust, k is taken as 0.01 plot of (T — aza’L) versus [z — h(}) r } 
cm?/sec, since the conductivity diminishes and + az(D — 2)] should determine a straight line f ' 
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ay a) — 
CORRECTED DEPTH, FEET 
FicurE 8.—CORRECTED TEMPERATURES AS FuNc- 
TION OF CORRECTED DEPTH, WITH TOPOGRAPHY 
PERMANENTLY AS AT PRESENT (STEADY-STATE 
SoLUTION) 
The station number is given beside each point. 
The circles have a diameter of about 1°F. The slope 
of the line is 10.76 + 0.28°F /kft (Table 13). 
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CORRECTED DEPTH, FEET 


FicurE 9.—CoRRECTED TEMPERATURE AS FuUNC- 


TION OF CORRECTED DEPTH, FOR LINEAR 
Evotumion in 4 MILtion YEARS 


oe slope of the line is 9.52 + 0.25°F /kft (Table 


of slope (a — a’) and intercept 7,. These 
parameters are determined for each solution by 
the method of least squares, and the “fit” is 
evaluated in terms of the standard deviations 
from the straight lines. If o; denotes the differ- 
ence between the calculated and observed (ad- 
justed) temperatures for the ith point, then the 
standard deviation of a single observation, ¢, is, 


Re 
2 
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for # points, 


ze; 


c= 
n 


and the mean-square error of the slope is 


n 
n2z, — (2z;)? 


where 2 is written for [s — h(t) + az (D — 2)]. 
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CORRECTED DEPTH, Fee? 

FicurE 10.—CoRRECTED TEMPERATURE AS FuNc- 
TION OF CoRRECTED Deptu, FOR LINEAR Evo- 
LUTION IN 1 Mutuion YeEars§§(20 Ponts) 
The slope of the line is 8.72 + 0.26°F/kft 
(Table 13). 





The corrected data for the steady state, and 
for the assumptions, = 4 My and? = 1 My, 
are shown in Table 11 and plotted in Figures 
8, 9, and 10. For the steady state, the function 
a = 2/+/mkt vanishes, and the values of T — 
aza’L are simply the observed temperatures, 
adjusted to even station numbers and a common 
altitude of 8300 feet. The parameters of the 
least-squares straight lines are collected in 
Table 13. In all cases, the standard deviation of 
a single point is about 1.2°F. The standard error 
of the slope (a — a’) lies between 0.2 and 
0.3°F /kft, or between 2 and 3 per cent of the 
slope. The differences afford no basis for dis- 
criminating among the assumptions regarding 
length of time of development, or amount of 
uplift. 

The whole body of temperatures may be used 
by finding h(#) for the intermediate points by 
interpolation. In this way, data are found for 51 
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additional points, for ¢ = 1 My (Table 12). TABLE 12.—CorRECTED TEMPERATURES AND 

With the 71 points, the parameters of the least- Devens — nas SENN 
squares straight line are found to be: intercept (t = 1 My, L = 7000 feet) 
TABLE 11.—ConpDENSED RESULTS FOR Station of" ("es 

SELECTED STATIONS 1 44.7 0.11 
T—awL | s—k() +ax(D-») : 4 ap 
Sy We a eS 5 55.5 1.15 
$= ©! "mMy | My | 3- ) 2- | My | My 7 58.3 1.54 
dim. | disn. 8 60.2 1.68 
W (0 {43.5} 43.5) 43.510 0 0 0 = hp 
3 | .50/51.6) 51.4) 51.2] .58 -64) .66 13 61.2 2.24 
6 |1.45)57.7) 57.1) 56.6)1.21/1.37) 1.32) 1.39 14 62.3 2.27 
9 |2.00)61.9| 61.1) 60.41.59 1.75) 1.84 16 65.2 2.55 
12 |2.30\62.2| 61.3) 60.4)1.84/2.04) 2.01) 2.12 17 66.3 2.59 
15 |2.30/66.0) 65.1) 64.2/2.22 2.39) 2.50 18 67.3 2.62 
20 |2.70/70.7| 69.6) 68.6|2.45|2.51|) 2.65) 2.77 19 68.2 2 66 
23 |2.90/68.6) 67.5) 66.4/2.31 2.52) 2.64 21 68.1 2.70 
27 |1.40}65.6) 65.0) 64.5)1.94/1.93/ 2.04) 2.10 22 67.7 2.69 
30 |2.60|70.3) 69.3) 68.3/2.41 2.59} 2.70 24 65.5 2.57 
34 |3.40/74.9) 73.6) 72.3/2.83|2.73) 3.08) 3.21 25 65.3 2.41 
37 |3.80|76.5| 75.0) 73.6|2.89 3.16) 3.29 6 64.8 2.20 
40 |2.80|73.9| 72.8] 71.8|2.87/2.68| 3.07| 3.18 Po at rae 
44 |2.90/69.1| 68.0) 66.9/2.39/2.29| 2.60) 2.72 29 66.6 2.50 
48 |1.70}62.9| 62.2) 61.6/1.81 1.94) 2.02 31 69.9 2.30 
52 |1.10)57.3} 56.9) 56.5/1.32/1.21) 1.39) 1.45 32 70.7 2.93 
55 | .95/54.8) 54.4) 54.1/1.16 1.24) 1.29 33 71.6 3.07 
60 | .50/49.3| 49.1] 48.9] .62] .56| .67| .70 35 72'5 3.27 
64 | .38/47.2) 47.0) 46.9) .45 49) .51 36 73.5 3.28 
E 0 [46.0 46.0, 46.00  |0 |0 38 73.5 3.33 
Other data: D = 4.00 kft 4 op oa 
£ = 1a0kh 42 69.4 2.94 
a’ = 2.5 °F/kft es ap * a 
a = 2/+/xkt = 0.0434/+/t per kft, 45 65.7 2% 
with ¢ in My, if 46 64.3 2.38 
k = 0.02 cm*/sec = 63 km®/My = o pop re 
78 kit'/My 49 60.3 1.87 
50 59.1 1.74 
at zero depth, 43.98°F; slope 8.77 + 0.12°F /kft, 51 57.4 1.59 
o = 1.03°F. This is in substantial agreement 53 55.8 1.40 
with the result for 20 points, and the procedure 54 54.4 1.34 
has not been repeated for the other cases. 56 54.1 1.19 
In Figure 11, 71 consecutive points are joined 57 53.5 1.08 
to show the trend of the deviations; the correc- 58 52.4 0.94 
tions are based upon an assumed time of de- » 50.9 0.83 
iad 61 48.3 0.63 
velopment of 1 million years, but the results 62 47.8 0.59 
would be similar for the other assumptions. 63 47.7 0.55 
With respect to the least-squares straight line, 65 47.7 0.52 
the temperatures at the west end gradually 66 47.9 0.52 
rise, and between stations 3 and 8 are about 1°F 67 48.7 0.45 
too high; between 8 and 12, there is little 68 48.2 0.29 
69 47.4 | 0.18 





change of temperature, though the depth in- 
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creases; between 12 and 16, the temperatures 
are too low. The points under the valley of the 
North Inlet (26, 27, 28) fall above the line. 


by acting as an aquifer for water from the higher 
slopes (between 59 and 65). Most of these 
deviations are not greater than 1°, occasionally 
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CORRECTED DEPTH — FEET 
FicurE 11.—CorRECTED TEMPERATURE AS FUNCTION OF CORRECTED DEPTH FOR LINEAR EVOLU 
TION IN 1 Mrituion Years (71 Pornts) 
All the observations are plotted in this figure; the numbers are the station numbers, in thousands of feet. 
The slope of the line is 8.77 + 0.14 °F/kft (Table 13). 


For the 30,000 feet between 29 and 59, the 
temperatures are close to the line; between 60 
and 65, they are again too low, crossing over 
between 66 and 67 and remaining high to the 
East Portal. 

The disturbance between stations 8 and 12 
has the appearance of an effect of recent fault- 
ing (Appendix B). East of station 59, much of 
the cover is glacial till, which may raise the tem- 
perature because of its poorer conductivity (as 
between 69 and 67), or lower the temperature 


reaching 2°F; much more information would 
be required for convincing detailed explanation. 
On the whole, these observations, extending 
horizontally for 13 miles, are remarkably con- 
sistent with the simplest interpretation, in 
terms of uniform conductivity, uniform varia- 
tion of surface temperature, and topographic 
irregularity. 

The “correlation coefficient,” 7, has been 
computed for one case; with ¢ = 1 million years, 
and L = 0,7 = 0.933, r? = 0.986. The inter- 





596 


pretation of this result (Hoel, 1947, p. 84) is 
that 98.6 per cent of the variance of the tem- 
perature is accounted for by the linear relation- 
ship between temperature and corrected depth. 


TABLE 13.—PARAMETERS OF LE 
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topographic correction; on the other hand, it is 
not necessary to know this time of evolution 
with high precision. A reliable assignment of 
the last peneplanation to a definite epoch of the 
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t = 4 My. 3 — dim. 
Riki sect ins adiceeeskalbasedsaaeescess 20 _ — 9.90 + 0.3 
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L = 7000 feet, with “glacial” correction......... 20 44.5 5.8 9.51 + 0.24 
¢t = 1 My. 3-dim. 
HS EA Se eee heer et 20 43.9 1.2 9.53 + 0.25 
ON repre ee rey 20 44.0 1.2 8.72 + 0.26 
RRR PRPS PRON pcarp Seema 71 44.0 1.0 8.77 + 0.14 
Moffat Tunnel 
II I 5c. ociig vacations a dead scenes tas 8 44.5 1.3 11.4 + 0.8 

















Thus there is little to be explained in other 
ways. Though this coefficient has not been com- 
puted for the other cases, it is certainly nearly 
the same for all. 

The standard deviation for all these solutions 
is about 1°F, as compared with 2.6°F for the 
mean air temperatures (Fig. 4). It seems likely 
that the relationship between mean surface soil 
or rock temperature and altitude is more regu- 
lar than that between air temperature and 
altitude. 

The collected results (Table 13) show the 
magnitudes of the various corrections: The cor- 
rection for uniform uplift of 7000 feet, as given 
above, is 0.8°F /kft if accomplished in 1 million 
years, 0.4°F/kft if in 4 million years, and 
vanishes in the steady-state correction. Nearly 
all the remaining difference between the correc- 
tions for finite times and for the steady state 
results from the difference in the topographic 
correction, or “differential erosion.” This differ- 
ence is 1.2°F/kft for 1 million years, 0.9°F /kft 
for 4 million years, in both cases larger than the 
correction for uniform uplift of probably the 
maximum acceptable figure. It is thus im- 
portant to introduce the time-dependent correc- 
tions [E(R, ¢) or G(R, #)] in the calculation of the 


Cenozoic would suffice to limit the uncertainty 
in the topographic correction to a few tenths of 
a degree per 1000 feet, with similar errors for 
the correction for uplift. The removal of “am- 
biguities” from the thermal studies of mountains 
consequently requires definitive physiographic 
studies. 


Two-Dimensional Solution, Adams Tunnel 


Strictly, the topography in the neighborhood 
of the Adams Tunnel is without symmetry, but 
the tunnel direction is nearly normal to the 
axis of the Continental Divide, and many of the 
features are prolonged for some distance normal 
to the tunnel line. It is thus of some interest to 
see what errors are introduced by the assump- 
tion that the topography is cylindrical, with 
every normal cross section identical with the 
vertical profile along the tunnel. Where such an 
assumption can be justified, the work of com- 
puting the topographic correction is evidently 
enormously reduced, as we have then to deal 
only with the profile and with plane angles. The 
two-dimensional case can be rapidly solved by 
graphical methods. 

The two-dimensional computation has been 
made for 9 points, for the steady-state case. 
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Angular elements of 10° were used, except be- 
tween 80° and 90° from the vertical, where 
further subdivision aids in limiting the errors 
due to poorly determined distant topography. 
The two-dimensional and _ three-dimensional 
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the U. S. Geological Survey for a copy of this 
profile (Fig. 12), which was enlarged and formed 
the basis of the following treatment. Twenty 
measurements are plotted, but 12 are grouped 
in one 5000-foot interval near the center of 
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FicurE 12.—SuRFACE PROFILE AND OBSERVED TEMPERATURES FOR MOFFAT TUNNEL, AFTER VAN 
ORSTRAND 


The station numbers are in hundreds of feet. The points numbered from 1 to 8 have been used in the 


present work. 


values of z — h(*) are compared in Table 11. 
The greatest difference is about 200 feet, equiva- 
lent to about 2°F. A least-squares solution for 
these 11 points (9 plus the two ends) gives a 
slope of 10.80°F /kft, compared with 10.76 for 
the three-dimensional solution. The deviation 
for one point (Station 12) is much greater, 
3.3°F, than any found with the three-dimen- 
sional values and is 2.4 times the standard 
deviation (1.4). Without this point, the stand- 
ard deviation becomes 1.0°F, nearly the same 
as for 20 points in the three-dimensional case. 
The slopes are not significantly different. It 
thus appears that the two-dimensional treat- 
ment is valid for this topography; it will gen- 
erally be advisable, however, to treat a few 
points by both the two- and three-dimensional 
methods before concluding that the two-di- 
mensional treatment is adequate. 


Two-Dimensional Solution, Moffat Tunnel 


Temperatures were measured in the Moffat 
Tunnel, about 27 miles south of the Adams 
Tunnel, by Van Orstrand (1934b). Of the 
original data, nothing remains except a profile 
showing temperatures and positions of measure- 
ment. The writer is indebted to the Director of 


the tunnel. The Moffat Tunnel is 32,253 feet 
long and lies mostly in the Central City quad- 
rangle; the West Portal and about 3000 feet lie 
in the Frazer quadrangle. The maps of these 
two quadrangles, both on a scale of 1/62,500, 
were joined as accurately as possible, and the 
line of the tunnel, which is not shown on the 
only available edition of the Central City quad- 
rangle, was established by using the known 
length and the altitude of the East Portal. The 
vertical profile was then constructed for this 
line; it differs only slightly from the profile 
drawn by Van Orstrand. 

This region departs from two-dimensional 
symmetry rather more than does the region of 
the Adams Tunnel, but a comparison for two 
points (4 and 7) showed little difference between 
the two- and three-dimensional effective depths. 
Consequently 8 stations, spaced as evenly as 
possible over the whole length, are treated for 
the steady state only, by the two-dimensional 
method. The tunnel altitude is about 9200 feet, 
or 900 feet higher than the Adams Tunnel, 
while the surface of the Divide is at nearly the 
same altitude in both regions. The effective 
depths and the rise of temperature are thus 
smaller in the Moffat Tunnel. As the observa- 
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tions are fewer and less well distributed, the 
gradient is less accurately determined; the mean- 
square error reaches 0.8°F/kft, as against 
0.25°F /kft for the Adams Tunnel. 

A temperature of 40°F is shown on the chart 
(Fig. 12) for both ends of the tunnel, but this 



































The low temperature at Point 7 may result from 
a peculiarity of location with respect to a body 
of schist, an explanation which also suggests 
itself for the similar stituation of Stations 12 
and 15 in the Adams Tunnel. The faulting itself 
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was found by use of air temperatures instead of 
by measurement in the rock. If this point is 
rejected, the least-squares straight line has a 
slope of 11.4°F/kft, with a standard deviation 
of 1.25°F (Fig. 13). Only one point deviates 
more than 1°F from this line, and this is so far 
off as to suggest a local disturbance. If the point 
at zero depth is used, the slope is 12.8°F /kft, 
and the standard deviation 1.6°F. Four points 
have large deviations, three greater than 2°F. 
It thus seems likely that 40°F is too low for the 
extrapolated surface-rock temperature, which 
cannot be found here, as in the Adams Tunnel, 
by using tunnel measurements within 500 feet of 
the portals. The gradient 11.4 + 0.8 is to be 
compared with the steady-state gradient for the 
Adams Tunnel, 10.8 + 0.3°F/kft. The differ- 
ence is less than its standard error. The true 
gradient, found by adding the “surface” gradi- 
ent, 2.5°F /kft, is 13.9°F /kft or 25.3°C/km for 
the Moffat Tunnel. 

The rocks of the Moffat Tunnel region are 
described as injection gneiss, pegmatite, schist, 
granite, and quartz monzonite (Lovering, 1928), 
in general character resembling those of the 
region farther north. The Ranch Creek fault, 
about 2 miles each of the West Portal, separates 
two anticlines, with schist the major rock to the 
west, quartz monzonite and gneiss to the east. 


CORRECTED DEPTH — FEET 


FicurE 13.—CorRECTED TEMPERATURE AS Func- 
TION OF CORRECTED DEPTH FOR MOFFAT 
TUNNEL (STEADY-STATE SOLUTION) 


_" slope of the line is 11.4 + 0.8°F /kft (Table 
13). 


is probably of too great an age to have so large 
a residual effect (Appendix B), though it may 
permit access of water from the surface. Ex- 
perimental work on samples from the Moffat 
region would be required for an independent 
determination of heat flow, but one might 
expect to find about the same conductivities as 
for the Adams Tunnel. There seems to be no 
reason for assuming different physiographic his- 
tories for the two regions, so corrections of 
about the same magnitude for finite duration 
of topography would apply to both. Though 
with a higher uncertainty, the results for the 
Moffat Tunnel thus agree wth those for the 
Adams Tunnel. 

Van Orstrand gives an appreciably higher 
steady-state gradient for the Moffat Tunnel— 
31.4°C/km. This is based on Lees’ solution for 
a single steady “line doublet”, which fits the 
true profile reasonably well, and upon assump- 
tions of definite values for the surface tempera- 
ture at 11,850 feet and at the portals. As Van 
Orstrand uses the mean air temperatures at 
these altitudes, and also takes for a’ the “air 
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gradient”, 3.4°F /kft, instead of the lower value 
2.5 which appears to be more nearly correct 
for the surface rock, his reduction does not 
allow for the excess of rock temperatures over 
air temperatures. Furthermore, it uses only the 
measurements under the Divide, while those at 
shallower depths are ignored. As we have seen, 
the temperature of the air at a given place may 
depart considerably from the mean line; the 
standard deviation (Fig. 4) is several degrees. 
On the other hand, the air gradient is much 
better determined; if we took a’ = 3.3°F/kft, 
the gradient @ would be 14.7°F/kft, or 
26.8°C/km. 

By the method adopted here, the extra- 
polated surface rock temperature (rejecting the 
40° point) is 44.5°F at 9240 feet. The implied 
surface rock temperature at 11,850 feet with a 
surface gradient of 2.5°F/kft is thus 38°F, 
instead of the 30.8° taken by Van Orstrand. 
This difference accounts for the difference of 
gradient between his result and the present one; 
it is no greater than the difference between air 
and soil temperatures observed by Van 
Orstrand in many wells in the western United 
States at lower altitudes. 


Change of Gradient with Depth 


General statement—The corrected gradien 
has been computed on the assumption of a 
linear relationship between corrected tempera- 
tures and depths. Several effects may produce a 
variation of gradient with depth, or a devia- 
tion from linearity of the temperature as func- 
tion of depth: (1) local radioactivity; (2) 
variation of conductivity with depth; (3) in- 
correct allowance for erosion; (4) glaciation, or 
climatic variation in general. The magnitude of 
the curvature to be expected from these causes 
will be examined below. The “glacial” correc- 
tion is the largest of these disturbances, but is 
still too small to have an appreciable influence 
on the result. 

Local radioactivity —As a result of local radio- 
activity, the gradient should decrease as the 
depth increases. Within a uniform layer, the 
rise of temperature with depth x from its sur- 
face due to its own radioactivity is given by 
T = (PH?/2K)[(2x/H) — (x/H)*], where H is 
the thickness of the layer, K its conductivity, 
and P the heat production (cal/cm*-sec). At 


t 


the base of the layer, this is PH?/2K; with 
K = 0.008 cal/cm-sec-deg. and P = 6-10-78 
cal/cm*-sec, the rise of temperature is about 
0.4H? °C, with A in kilometers. The greatest 
depth in the tunnel is about 1 kilometer, and 
thus the maximum rise of temperature due to 
the radioactivity of the rock above the tunnel 
is about 0.4°C, or 0.7°F. Three-quarters of this 
rise occurs in the first half kilometer of depth. 
The average rate of rise is 0.4°C/km, and the 
deviation from linearity at mid-point (x = 
0.5 km) is 0.1°C or 0.2°F. With a standard 
deviation of 1°F, so small a curvature is beyond 
detection. The maximum correction to the 
gradient would be about 0.4°C/km, or roughly 
2 per cent. 

Variation of conductivity with depth—For a 
given flow of heat, a decrease of conductivity 
means an increase of gradient; at depths of 
tens of kilometers, this becomes an important 
consideration in determining the temperatures. 
The conductivity of quartz-rich rocks generally 
decreases as the temperature increases (Birch 
and Clark, 1940); near the surface, this is partly 
or completely offset by the increase of con- 
ductivity with mean stress. The effects of tem- 
perature and of stress, of opposite sign as the 
depth increases, are both of the order of a few 
per cent at a depth of 1 kilometer. Within 1 kilo- 
meter of the surface, the assumption of uniform 
conductivity within a mass of uniform rock 
should be sufficiently exact. The variation with 
rock type is considered below. 

Effect of incorrect allowance for erosion — 
Curvature may result from an incorrect allowance 
for erosion. The correction was of the form of 
an addition to the depth (see above), az(D — 2), 
where D was taken as 4000 feet for all stations. 
This is equivalent to about 1°F at mid-depth. 
Even if the error were as large as 50 per cent, 
the error of the correction would be only about 
0.5°F, thus of the same order as a number of 
other possible disturbances. (See also Ap- 
pendix B.) Presumably the curvature from 
such a source might have either sign. No serious 
error is likely to be introduced by this 
correction. 

Effect of glaciation—Several episodes of 
mountain glaciation in this region have been 
recognized (Atwood and Mather, 1932; Bryan 
and Ray, 1940; Ray, 1940; Jones and Quam, 
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1944; Antevs, 1945), and it is at least plausible 
that they are to be correlated with the con- 
tinental glaciations of the Middle West and 
East. An attempt to calculate the geothermal 
effects of glaciation is at once enmeshed in the 
uncertainties of the Pleistocene time scale. 
This problem has been discussed in terms of a 
“schematic” glacial history, with the conclusion 
that in glaciated regions near the limit of glacia- 
tion the net effect of the correction for climatic 
oscillations may be a reduction of the apparent 
gradient by not more than 3°C/km (Birch, 
1948). Farther north or farther south, smaller 
effects might be expected. This conclusion ap- 
pears to be consistent with the observations of 
temperature in mines and wells. 

The former discussion was restricted to a con- 
sideration of the temperatures below a plane 
surface on which the mean temperature de- 
creased when the surface was covered with ice. 
The temperatures cannot adjust immediately 
to changes of surface temperature, and thus, if 
the last change of sufficient duration was a 
warming of the surface, the deep temperatures 
remain too low for a period depending upon the 
depth and the thermal diffusivity. 

A different situation exists for a tunnel under 
high mountains. Little or no correction is re- 
quired for the shallow stations near the ends of 
the tunnel. The deepest stations lie near the 
center, but the mean surface temperature above 
these stations is likely to be close to the freezing 
point (at least in Colorado) even in interglacial 
times, so long as the altitude is nearly as at 
present. Thus correction for these points is 
small. At the intermediate depths, say at 1600 
feet or 0.5 km, glaciation might lower the sur- 
face temperature by perhaps 8°F below its 
present mean. With a lowering of 8°F for all 
the glacial stages, and the “schematic” 
chronology of the former work, we find a present 
lag of about 1°F at 0.5 km, with values gradu- 
ally diminishing toward the greater and smaller 
depths. We might expect to find the corrected 
temperature-depth plot slightly concave toward 
the temperature axis. 

This curvature was sought by finding the 
least-squares solution of the form T = a + 
bx + cx*, where T is the corrected temperature 
and x the corrected depth. For the 4-My solu- 
tion, we find: 
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a = 44.38 + 0.63°F 
b = 8.50 + 0.87°F /kft 
¢ = 0.32 + 0.26°F/kft? 


The standard deviation, for 20 points, is 1.04°F; 
thus even with an additional adjustable param. 
eter the fit is not significantly better than for 
the straight line. The parameter c, which de. 
termines the curvature, is only slightly greater 
than its standard error. There is no positive 
evidence for curvature, though it is interesting 
that the deviation of this curve at midpoint 
(x = 1.6 kft) from the straight line between the 
points at zero and at maximum (3.2 kft) depths 
is 0.8°F, or roughly the “predicted” amount, 

For completeness, let us introduce the theo. 
retical correction for glaciation and solve again 
for the parameters of the best straight line. 
The correction is a term to be added to the 
temperature, having a maximum value of 1°F 
at a depth of 1.6 kft, and zero for depths of 
0 and 3.2 kft. For simplicity, this may be taken 
as parabolic in the corrected depth, say 
C2(3.2 — 2), with C = 0.39. The straight line 
adjusted to these corrected temperature 
(¢ = 4My) has an intercept 44.5°F and a slope 
9.51 + 0.24°F /kft, with a standard deviation 
of 1.06°F. Both the mean slope and the stand- 
ard deviation are unchanged by this correction 
(see Table 13) though there is an insignificant 
increase of 0.6°F in the intercept. It seems un- 
necessary to repeat this calculation for the other 
cases. The theoretical correction is consistent 
with the present measurements, but no positive 
confirmation of the correction can be claimed. 
The correction to the gradient as a result of the 
glacial history may probably be neglected for 
these circumstances. 


THERMAL CONDUCTIVITY 
Introduction 


In the determination of the flow of heat, the 
thermal conductivity is of equal importance 
with the thermal gradient, and in certain re 
spects presents greater difficulties. The tem- 
perature at a point depends not simply upon 
the conductivity in the immediate neighbor- 
hood but upon a mean value for a large and 
indeterminate volume around the point. The 
rocks pierced by the Adams Tunnel have been 
minutely mapped, but much less detail is avail 
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able for the surface, and the cross-section or 
three-dimensional] relationships are largely hypo- 
thetical. On the other hand, the details of the 
structure are important only if the different 
rocks have appreciably different conductivities. 
Thus the first step is to examine the variations 
within and among the principal types; the sec- 
ond, to analyze the variations along the tunnel; 
and, finally, to inquire whether significant devi- 
ations of temperature are likely to result from 
the observed deviations of conductivity from 
its mean value. 

No method of approaching this problem has 
yet been devised other than by measurement of 
the conductivity of individual samples, al- 
though this procedure necessarily leaves cer- 
tain questions unanswered. It is not possible 
to determine, for example, the effects of the 
innumerable large-scale discontinuities, such 
as faults, joints, or veins, but even the most 
perfect rock is a composite structure, with dis- 
continuities on a still finer scale between in- 
dividual crystals. The effect of the fine-scale 
structure is included in the measurement on 
small samples, and the smaller number of large- 
scale discontinuities probably have a minor ef- 
fect upon the conductivity of large volumes of 
rock. This consideration is common to all de- 
terminations of geothermal flow, though not 
necessarily always of the same importance. 


Method of Measurement 


The conductivity was measured in a special 
apparatus, remodeled from an older form used 
by Clark (1941) for a number of sedimentary 
rocks. The specimen, a circular disc 1.5 inches 
in diameter, and about } inch thick, with flat, 
parallel faces, is inserted between copper discs 
of the same diameter, ,% inch thick (Fig. 14). 
On each side of this unit are discs of pyrex 
glass, capped at the ends by two more copper 
discs. This “stack” is surmounted by a heating 
element and assembled in a hydraulic press 
between special hemispherical thrust bearings. 
The press is shielded by a heavy steel cylinder. 

Three differential thermocouples of copper- 
constantan are used to measure the differences 
of temperature across the three poor conduc- 
tors, two of pyrex and one of rock. These 
couples are made by soldering short lengths of 
No. 30 enameled constantan wire between 
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longer lengths of No. 30 copper wire, with the 
junctions soldered in copper bushings about 
4 inch long by , inch in diameter, which fit 
closely in wells drilled in the copper discs. 
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Ficure 14.—D1acGram OF APPARATUS FOR MEAS- 
UREMENT OF RELATIVE CONDUCTIVITY 


Three differential thermocouples, not shown, 
give differences of temperature across the two discs 
of pyrex glass and the sample. The stack of discs 
is compressed by the action of a pump, not shown, 
which raises the pressure of the oil in the pressure 
cylinder. The head-plate is held in place by tie-rods, 
omitted from the figure. 


The external circuits are entirely of copper 
and manganin. The thermoelectric potentials 
are measured with a Leeds and Northrup 
Type K potentiometer and a galvanometer 
giving a deflection of 2 mm/microvolt at 1 
meter. 

There are two heating coils, one in the small 
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heater above the sample, one wound on the ex- 
ternal shield. A circulation of cold water is 
provided for the lower end of the system. The 
heaters are adjusted so that there is a drop of 
about 7°C across each of the glass samples. 
As the conductivity of the rocks varies between 
2 and 3 times that of pyrex, the difference of 
temperature across the sample is usually be- 
tween 2° and 3°C, corresponding to 80 to 120 
microvolts. The shield is kept at about the mean 
temperature of the sample. Thyratron regula- 
tors are used to maintain both heaters at con- 
stant temperatures. 

To a first approximation, the ratio of conduc- 
tivity of rock to pyrex is the ratio of the mean 
potential across the glass samples to the poten- 
tial across the rock. A correction of about 3 
per cent is found by substituting another pyrex 
specimen for the rock; this includes the effect 
of temperature on the thermoelectric output of 
the thermocouples. The absolute conductivity 
of pyrex is known from former work (Birch 
and Clark, 1940) to be 0.00296 cal/cm-sec- 
deg. at 30°C; other materials have also been 
used to verify the calibration, including single- 
crystal quartz (flow normal to optic axis), 
silica glass, and obsidian. The conductivity of 
of the rocks falls between the values for glass 
and quartz. The lateral heat losses are nearly 
proportional to difference of temperature, and 
the ratios are nearly independent of small 
variations of the temperature of the external 
shield. 

A single measurement consists of observa- 
tions of potential across the three discs with 
potentiometer current direct and reversed, 6 
readings in all; small parasitic potentials are 
thus eliminated. Readings are made to 1 micro- 
volt, and ratios are reproducible to about 2 
per cent or better. 

All interfaces between glass or rock and cop- 
per were thinly coated with a high-temperature 
silicone stop-cock grease before assembly. After 
alignment, the stack of discs was compressed 
with an initial load of 500 psi, and then 2500 
psi for most of this work. Many of the rocks 
show reversible changes of conductivity of 
several per cent with this change of load; con- 
ductivity always increases with compression. 

Some advantages of this equipment are as 
follows: 


(1) Samples are quickly changed, with little 
alteration of the temperature of the heavy parts 
of the apparatus. The temperature of the heater 
is unaffected, and it is necessary to wait for re. 
distribution of temperature only across the 
specimen and the glass; measurements may be 
made rapidly, probably within 15 minutes after 
inserting a specimen, though in the present 
work much longer intervals were allowed, at 
least several hours or often overnight, as the 
limiting factor was the time required for pre- 
paring the specimens. 

(2) Thermocouples are easily replaced, inter- 
changed, or compared by insertion across the 
same sample. This is an important step in 
avoiding systematic error. 

(3) Absolute temperatures are not required, 
except for an approximate determination of 
the mean temperature of the sample; thus no 
closely controlled cold junction is needed. 

(4) With the relatively heavy loading, con- 
tact resistance is virtually eliminated. This may 
be checked in various ways, such as by observ- 
ing the potential with the sample removed, 
leaving copper discs in contact, or by inserting 
two samples in series. 

(5) An approach to natural conditions of 
stress is realized with loads up to several 
thousand pounds per square inch, equivalent 
to the weight of rock columns several thousand 
feet deep. 


Sampling 

Samples of the major types of rock were se- 
lected from the large collections stored by the 
Bureau of Reclamation at Denver and at Estes 
Park. The samples represented the whole tunnel 
except for a section between Stations 21 and 
35 (14,000 feet) for which the samples had been 
mislaid. The rocks for this section are probably 
well enough represented by the similar rocks 
from other parts of the tunnel. In the selection, 
rocks present in small volumes were omitted; 
there are few samples of pegmatite, basic dikes, 
or altered varieties present only at contacts, 
but otherwise the choice was designed to ob- 
tain a fairly uniform distribution of samples. 
Nearly all are classified as granite, injection 
biotite schist or gneiss, or quartz diorite gneiss; 
the last named appears only in the western- 
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most 10,000 feet; all the rest, except for narrow 
veins and dikes, is granite and schist or gneiss. 

The distribution of the 80 samples selected 
for measurement of conductivity, according to 
position of origin in the tunnel, is as follows: 


Between Stations Oand10 14 samples 
10and20 15 samples 
20 and 21.3 4 samples 
35 and 40 7 samples 
40 and50 17 samples 
50 and 60 12 samples 
60and70 11 samples 


In many instances, several specimens were 
made from a given sample, particularly for the 
schistose rocks where measurements in different 
directions were desired. Conductivity was de- 
termined for a total of 123 specimens. 

Though this number seems large as a labora- 
tory chore, it amounts after all only to one 
sample for 900 feet of tunnel, a density of 
sampling which might be inadequate were it 
not for the relatively uniform properties of the 
rocks. 

The measurements of conductivity and dens- 
ity are assembled in Table 15; in all cases, the 
mean temperature is about 33°C, with a load 
parallel to the direction of flow of heat of about 
2500 psi. 

Rosiwal analyses for a few samples are given 
in Table 16. In the granites, the quartz content 
ranges from 30 to 40 per cent; there is from 6 to 
12 per cent of dark minerals, mostly biotite; 
the feldspar usually includes a considerable 
fraction of plagioclase (Ans-Anss) which is 
untwinned and difficult to distinguish from the 
quartz. Probably many of these “granites’’ 
would be more accurately classified as quartz 
monzonites or granodiorites; the proportion 
of plagioclase is frequently about half of all 
the feldspar. The schist is extremely variable 
in thin sections; it is possible to select pieces 
consisting almost exclusively of biotite, or with 
almost no biotite. This variability is also re- 
flected in the densities, and with greater sensi- 
tivity, in the conductivities. 


Variation of Conductivity with Rock Type 


Let us first examine the variation of conduc- 
tivity within the three major groups—granite, 
quartz diorite gneiss, and injection schist and 


gneiss. The third group, which includes a num- 
ber of relatively massive rocks as well as true 
schists, might have been further subdivided. 
It is the least homogeneous, and there are also 
definite differences for the directions parallel 
and normal to the planes of schistosity. A 
few rocks escape these categories: the dolerite 
from the principal dike (No. 142, Station 59.- 
853); a sample of pegmatite (No. 198, Station 
54.3905); a sample of biotite-sillimanite schist, 
considerably altered (No. 13, Station 69.275). 
No one of these represents an appreciable 
fraction of the volume. 

Table 15 includes measurements on 59 sam- 
ples of “granite” from 43 locations. The mean 
conductivity is 7.89 + 0.05 millical /cm - sec: deg. 
(1 millicalorie = 10-* calorie. This unit will 
be used henceforth without repetition of its 
dimensions.), and the standard deviation of a 
single observation is 0.4. There are two devia- 
tions from the mean of nearly 3 times the stand- 
ard deviation, but, if these are rejected, the 
mean is 7.93 + 0.04, an insignificantly different 
value. Even with these, the deviations have 
roughly a normal distribution. The difference 
between samples cut from the same hand speci- 
men is occasionally greater than the standard 
deviation. It seems likely that much of the 
variation is random, perhaps resulting partly 
from the small dimensions of the samples. 

There are 17 samples of quartz diorite gneiss 
from 9 locations. Eleven are oriented with the 
heat flow parallel, 4 with the flow normal, to 
the foliation. The mean ratio, K,/K, is 1.16 
for the four localities for which this can be 
found. The mean of all samples is 7.75 + 0.13, 
with a standard deviation of 0.54. This mean 
is weighted by the predominance of parallel- 
flow samples in about the right proportion to 
give the conductivity for random orientation of 
foliation. Though by no means random, the 
direction of foliation in the tunnel is variable, 
and such a mean value is probably as suitable 
as any other. 

Of the 41 samples of injection schist and 
gneiss from 24 locations, there are 9 pairs, for 
which the mean ratio, Kj/K., is 1.20. The mean 
of all the parallel-flow samples (17) is 8.55; of 
15 normal-flow samples, 6.95. The ratio of these 
means is 1.23. There are 8 massive samples for 
which the mean is 7.24. The mean of all 41 is 
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TABLE 15.—THERMAL CONDUCTIVITY AND DENSITY 
In 10° calories/cm-sec-deg. C at 30°C and 2500 psi 




















Station General description of rock Density 
2.739 Quartz diorite gneiss, fine, soft, altered parallel 2.592 
45° 2.564 
2.793 Quartz diorite gneiss, medium, hard parallel 2.646 
45° 2.638 
3.031 Quartz diorite gneiss, hard, fine-grained parallel 2.70 
normal 2.69 
4.644 Quartz diorite gneiss, hard, medium-grained parallel 2.654 
normal 2.656 
4-984 Granite, hard, medium, pink 2.609 
2-609 
5.380 Granite, hard, coarse, gray, flow alignment 2.607 
2.612 
5.757 Granite, hard, coarse, gray gneissoid 2.63 
6.308 Quartz diorite gneiss, hard, dark gray 2.70 
2.71 
7.363 Granite gneiss, medium-grained, gray 2.649 
2.634 
7.689 Quartz mica schist, hard, fine-grained parallel 2.853 
parallel 2.850 
8.498 Quartz diorite gneiss, tiny garnets parallel 2.712 
2.647 
8.922 Quartz diorite gneiss parallel 2.68 
2.68 
9.261 Quartz diorite gneiss normal 2.68 
parallel 2.71 
9.9025 Quartz diorite gneiss, hard, fine-grained, gray parallel 2.701 
normal 2.706 
10.025 Granite gneiss, hard, fine-grained gray 2.673 
11.0302 Inj. biotite schist normal 2.690 
11.506 Inj. biotite schist parallel 2.722 
normal 2.718 
11.887 Inj. biotite schist, contorted parallel 2.734 
parallel 2.70 
13.3275 Granite, reddish 2.61 
2.61 
13.658 Granite, medium-grained, light gray 2.609 
14.566 Inj. biotite schist parallel 2.732 
15.083 Inj. biotite schist normal 2.69 
normal 2.65 
15.688 Inj. biotite schist normal 2.966 
2.930 
16.085 Inj. biotite schist normal 2.797 
16.781 Inj. biotite schist 2.78 
2.82 
17.7627 Inj. biotite schist parallel 2.806 
parallel 2.810 
normal 2.594 
normal 2.655 
18.0095 Biotite gneiss 2.729 
19.149 Inj. biotite gneiss parallel 2.730 
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21.36 


35.30 


35.81 


36.01 


36.85 


37.14 


38.49 
38.88 


40.01 
40.46 
41.23 
41.40 
42.06 
42.37 
42.68 


42.83 


45.02 
45 . 56 


46.16 


46.71 


47.21 


48.05 


48.21 


49.7! 
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TABLE 15.—Continued 
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Station General description of rock Density Cuntagirity, 
19.780 Granite 2.613 7.9 
20.080 Inj. biotite schist 2.58 

normal 2.613 | 

20.528 Inj. biotite schist parallel 2.759 10.0 

21.0425 Granite, fine, gray 2.62 7.3 

2.62 18 

21.360 Granite 2.610 7.6 
2.643 

35.3086 Granite 2.654 7.9 
2.658 

35.8152 Granite 2.623 8.2 

2.641 a5 

36.0176 Granite 2.620 7.8 

2.63 8.1 

36.8525 Granite, coarse 2.64 8.2 

2.65 8.6 

37.147 Granite, gneissoid 2.60 8.1 

2.60 iD 

38.490 Granite 2.62 7.9 

38.886 Granite, coarse 2.635 8.4 
2.632 

40.0164 Granite and gneiss parallel 2.71 10.2 

parallel 2.70 9.5 

40.4684 Granite, coarse 2.62 FP 

41.2343 Granite, coarse 2.62 ta 

41.4035 Granite 2.660 ce 

2.639 1a 

42.0696 Granite 2.636 8.3 

2.64 8.0 

42.373 Granite 2.635 8.3 

2.645 8.3 

42.681 Granite 2.63 7.8 

2.63 7.8 

42.834 Granite, gneissoid 2.63 Pat 

2.62 7.6 

44.407 Granite, pink 2.620 7.9 
2.618 

45.0275 Inj. biotite gneiss 2.610 6.8 

45.5655 Granite, fine, gray 2.64 7.3 

2.64 6.9 

46.164 Biotite inj. gneiss parallel 2.69 8.4 

normal 2.69 6.6 

46.7167 Biotite inj. gneiss parallel 2.75 12 

normal 2.75 6.4 

47.2175 Schist parallel 2.76 9.8 

normal 2.71 8.6 

48.058 Inj. biotite gneiss massive parallel 2.75 5.9 

normal 2.74 5.3 

48.2194 Inj. biotite gneiss massive parallel 2.643 re 

2.663 9.3 

49.7128 Biotite, sillimanite inj. schist normal 2.694 6.2 

normal 2.690 6.6 
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TaBLe 15.—Concluded 

















Station General description of rock Density | Conductivity, 
52.5754 Massive biotite inj. gneiss 2.73 7.3 
2.70 6.7 
52.431 Quartz mica inj. schist normal 2.65 6.6 
parallel 2.68 8.3 
53.3267 Massive biotite gneiss with garnets 2.828 7.8 
2.821 Pj 
54.3905 Pegmatite with large crystals of sillimanite 2.711 5.4 
2.722 
55.085 Massive biotite inj. gneiss, chloritized, slickensided surface 2.660 8.4 
2.652 
55.3325 Granite, coarse red, thin vein of fluorite 2.631 8.5 
2.631 8.4 
56.610 Granite, banded pink and gray 2.64 7.6 
2.63 
57.050 Granite, coarse gray 2.65 8.0 
2.65 
57.655 Granite, coarse, reddish gray 2.610 7.7 
2.618 
58.692 Granite, coarse pink 2.603 8.1 
2.621 8.1 
59.853 Dolerite, main dike 2.970 5.9 
2.969 6.0 
59.9675 Granite, coarse red, heated by dike 2.59 8.0 
2.590 
60.661 Granite, red 2.611 8.3 
2.610 
62.4545 Granite, red 2.611 8.1 
2.610 8.0 
62.9765 Granite, coarse pinkish gray 2.631 8.0 
2.631 
64.2562 Granite, pink 2.609 8.3 
2.611 
65.353 Granite, coarse gray 2.632 7.8 
2.634 
66.150 Granite, red, biotite 2.605 8.3 
67.264 Granite, pink bands of biotite 2.642 8.5 
2.632 
67.528 Granite, gray 2.661 7.2 
2.640 6.7 
67 .989 Granite 2.616 8.1 
2.628 
68.565 Granite, gray 2.633 7.9 
2.624 
69.275 Biotite stillimanite schist with garnets 2.498 4.0 
2.580 














7.74 + 0.21, with a standard deviation of 1.35. 
A “weighted” mean, with the parallel orien- 
tation taken twice and the normal once, is 
8.02. These rocks do not form a homogeneous 
group; the effect of the schistosity is to produce 


two overlapping groups, with the parallel-flow 
group displaced toward higher values than the 
normal-flow group. The range is nearly two-to- 
one within each group, a ratio much larger 
than Ki/K.. Schistosity is probably a much 
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less important factor than variation of com- 


| position, and corrections for schistosity are of 


little value unless the more important correc- 
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Variation of Conductivity with Location 
We now examine the variation from place to 


place along the tunnel. Grouping the rocks over 


TABLE 16.—COMPOSITION AND CONDUCTIVITY 




















} ° . 
Station Classification oman ati sinc — , nd 
Quartz Feldspar Mafic 

4.984 Granite 34 | 60 6 8.4 
10.025 Granite gneiss 39 | 49 12 8.2 
21.0425 Granite 41 | 49 10 7.4 
35.4086 Granite 31 | 59 10 7.9 
42.373 Granite 39 55 6 8.3 
57.655 Granite 31 62 7 re 
64.2562 Granite 36 57 7 8.3 

3.031 Quartz-diorite gneiss 29 57 14 8.5, 7.3 

7.689 Quartz mica schist 24 68 8 8.7, 8.4 
11.506 Injection biotite schist 50 15 35 8.6, 6.7 
15.688 Injection biotite schist 19 — 81 6.2 
17.7627 Injection biotite schist 49* oT 42** 8.0 to 11.0 
46.7167 Biotite injection gneiss 32 60 8 7.2, 6.4 
53.3267 Biotite gneiss with garnets 28 49 23 7.8 
59.853 Dolerite (dike) 3 52 45 6.0 




















* Includes plagioclase (Angs) 
t Microcline only 
** Altered biotite and sillimanite 


TABLE 17.—VARIATION OF CONDUCTIVITY AND DENSITY WITH ROCK TYPE 

















a Standard 
Classification pa 1 han ee alien ane, 
Granite and quartz monzonite............. 59 43 7.89 + 0.05 0.41 2.628 
eC Cee 17 9 7.75 + 0.13 0.54 2.671 
Injection schist and gneiss................ 41 24 7.74 + 0.21 1.32 2.728 
PN re 5.6.0 4 eae cied son sence: aid 7.82 + 0.08 0.84 
Mean, 123 samples (all).................. 7.77 + 0.09 1.0 




















tion for change from place to place can first 
be applied. 

The mean values for these three groups are 
summarized in Table 17. The means do not 
differ significantly from one another, and the 
mean for 117 samples, 7.82 + 0.08, is probably 
the best single value. There are six other sam- 
ples including two of diabase, which do not 
fall clearly into these categories; the mean for 
all 123 samples is 7.77 + 0.09. In these means, 
each sample has been given unit weight; if, 
instead, each locality is given unit weight, the 
values are but little affected. 


intervals of about 5000 feet, we find the figures 
of Table 18. It appears that low values tend 
to be concentrated between Stations 45 and 55, 
especially between 45 and 50, where the means 
are probably significantly lower than for the 
other intervals. The interval 55-60 is slightly 
high. There is also a notable concentration of 
high values between Stations 17.7 and 20.5, 
where the mean for 9 samples is 9.1. If these 
values continued up-dip toward the west, they 
might account for the low temperatures in the 
neighborhood of Stations 12 to 15. 

We do not know, of course, to what extent 
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the low value for the interval 45-50 is charac- 
teristic of the whole region vertically above this 
interval: (1) we are not sure of the structure, 
in a quantitative sense; (2) similar samples of 
gneiss and schist at other places have about the 
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tivity of these quartz-rich rocks will be about 
2 per cent higher than at 33°C (Birch and Clark, 
1940), and as a corrected mean conductivity 
the round figure, 8.0 millical/cm-sec-deg. is 
adopted, with an uncertainty of 2 or 3 per cent, 


TABLE 18.—VARIATION OF CONDUCTIVITY AND DENSITY ALONG THE TUNNEL 



































Ratervel Gatien No. of locations} No. of samples Predominant rock eee, Mean density 
0-5 5 9 Quartz diorite 7.82 + 0.19 2.636 
5-10 9 14 Quartz diorite 7.82 + 0.14 2.691 
10-15 7 10 Inj. schist, gneiss 8.02 + 0.26 2.679 
15-21.3 12 18 Inj. schist, gneiss 7.98 + 0.24 2.717 

35-40 7 11 Granite 8.02 + 0.09 2.631 
40-45 9 15 Granite 8.08 + 0.20 2.642 
45-50 8 15 Inj. gneiss 7.23 + 0.32 2.694 
50-55 3 6 Inj. gneiss 7.40 + 0.25 2.730 
55-60 7 9 Granite 8.09 + 0.10 2.626 
60-69 10 12 Granite 7.93 + 0.14 2.624 

77 119 2.667 

mean value of conductivity. Suppose, however, Density 


that the whole section above this interval has 
a conductivity of 7.2. Then, at most, the tem- 
peratures in this section would be about 3°F 
too high, if we assume the same flow of heat 
as elsewhere. This estimate is too high, as a 
region of low conductivity tends to be 
“shunted” by adjacent regions of high conduc- 
tivity; the difference to be expected would not 
exceed a degree or so. As this is about equal 
to the standard deviation of the observations, 
it is unlikely that a definite indication would be 
found. The observations for this interval are, 
in fact, very close to the best straight line. 
On the whole, the assumption of thermal uni- 
formity appears to be remarkably well justified 
by these measurements. 

A small correction may be made for the dif- 
ference between the temperature of the labora- 
tory measurements, 2iout 33°C, and of the 
rocks in place. Near the ends of the tunnel, the 
temperature is about 45°F or 7°C. Under the 
Divide the tunnel temperature is about 76°F 
(24°C), and at the surface the mean surface 
temperature is about at the freezing point. 
Thus the mean temperature may be taken as 
about 10°C. At this temperature the conduc- 


These samples also afford an opportunity 
for a determination of the mean density of the 
Continental Divide in this region. The granites 
vary little, the schists and gneisses a great 
deal. By types, the mean values are: granite 
(78 samples) 2.628; quartz diorite gneiss (18) 
2.671; schist and gneiss (48) 2.728. The mean 
for 144 samples is 2.667, exactly the mean value 
found by Daly (1933, p. 47) for 155 samples of 
granite, though the range is smaller for the 
present group. This value is also close to the 
density, 2.67, taken by Hayford. Bowie and 
others for the mean density of the normal crust. 
There is no indication of abnormal “lightness” 
of surface rock for this high-standing region, 
though the mean density of the granites alone 
is somewhat below the usual figure. 


FLow oF HEAT 


In the foregoing sections, it has been shown 
that the temperatures observed in the Adams 
Tunnel are consistent with the assumption 
of uniform corrected gradient and uniform con- 
ductivity, and that the best value for the 
conductivity is 0.008 cal/cm -sec- deg. Themean 
flow of heat to the surface is now found as the 
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product of this conductivity (K) by the cor- 
rected thermal gradient (a); as the latter de- 
pends upon the assumptions with respect to 
topographic evolution, there are several cor- 
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necessarily subjective and may be somewhat 
high. 

Large as this uncertainty may seem, there 
are surprisingly few determinations for “nor- 


TABLE 19.—CoORRECTED GRADIENTS AND FLOW oF HEAT IN MOUNTAINS 


























a—a’ @ Flow of heat Ka in 
°C/km °C/km 10-6 cal/cm?-sec 
Front Range, Colorado 
Adams Tunnel 
PONIES, 626.5: G0-s ne oes baa seee wsaonais 19.6 + 0.4 24.1 + 1 1.93 + 0.1 
Erosion in 4 My, no uplift................... 18.0 22.5 1.80 
Erosion and uplift of 7000 feet in 4 My........| 17.3 21.8 1.74 
Erosion in. 1 Bay, no wplift..................0060065 a7.3 21.8 1.74 
Erosion and uplift of 7000 feet in 1 My........| 16.0 20.5 1.64 
PS 5d soa Neinad: de tdhene scone’ 4 1.7 + 0.2 
Moffat Tunnel 
a secccctin aca trasl Rae wibln sree ee 20.8 + 1.5 25.3 + 2 2.0 + 0.2 
Central Alpine tunnels (Koenigsberger) 
Suis vss ca oh a bene Sa eT ou ds aAlle bguia 4sia s wde a aremcna tens bas enine 2.0 + 0.5 








* This refers only to the assumption on which the topographic correction is based. 


responding values for the flow of heat (Table 
19). The significance of these values emerges 
on comparison with the determinations for 
other regions. 

To establish a difference, we must first assess 
the errors of the various measurements. For 
the Adams Tunnel, the error on the mean con- 
ductivity is probably no greater than 3 per 
cent. The uncertainty with respect to the flow of 
heat arises mainly from the gradient. The 
mean-square error of the “apparent” gradient 
(a — a’) is about 2 per cent for each case, but 
the error on a’ may be as much as 1°C/km. 
The different physiographic assumptions lead 
to corrected gradients with a maximum differ- 
ence of about 20 per cent. The steady-state 
solution affords an upper limit, within the other 
errors, and a lower limit is probably given by 
the solution for 1 million years, with 7000 feet 
of uplift. Thus the major uncertainty results 
from the difficulty in specifying the physio- 
graphic history within sufficiently narrow 
limits. The “best” value is considered to be 
1.7 + 0.2 microcal/cm?-sec; (1 microcal = 
10-* calorie); the estimate of uncertainty is 


mal’ regions of comparable precision. In Table 
20 are assembled the available results, includ- 
ing a number of estimates of uncertain value. 
The “best determinations” are the studies in 
South Africa, Great Britain, Persia, and Cali- 
fornia, all based on measurements of conduc- 
tivity of a number of samples from the wells 
or boreholes in which the temperatures were 
measured. For most of these, the statistically 
determined errors are of the order of 5 to 10 per 
cent. In some instances, there may be larger 
systematic errors, such as may arise from glacial 
or other geological “corrections”; the values of 
Table 20 for Great Britain and Persia are 
smaller than the published figures as a conse- 
quence of rediscussion of the correction for 
glaciation (Birch, 1948). Excellent studies of 
temperature in deep Canadian mines have re- 
cently appeared (Misener, 1949); from the pre- 
liminary report, it appears likely that the heat 
flow will be close to 1 microcal/cm?-sec. 

Of the “estimates” of heat flow, some are 
based on good observations of temperature but 
on estimates, or too few measurements, of 
conductivity; for others, there are too few 
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TaBLe 20.—FiLow or Heat iw Various REGIONS 


1. Best Determinations 
























































an bo a No, of Flow of heat in 10-¢ cal/cm?-sec. 
feet wells 
Range Mean 
South Africa (Bullard, 1939) 
Witwatersrand................ 4200-5500) quartzite, lava 5 | 0.95-1.28 | 1.09 + 0.05 
CS abn sa ge tS ko a sakes 4060 granite 1 1.52 + 0.04 
Great Britain (Benfield, 1939)... .. a sandstone, shale, 5 | 0.8-1.6 1.1 +0.1 
marl salt 
Persia (Coster, 1947)............. 1000-1900) limestone, salt, 18 | 0.7-1.3 1.0 + 0.04 
anhydrite 
California (Benfield, 1947)........ 680 shale 1 1.3 +01 
NS iat sala: 64m $d  baliolaalaniGiea Wah ck Cree Cae 1.06 
epee: PROMI OUEE oo cnc cicecuasewncnsccvcvcucas 1.14 
I Sear sec as wrhend raceme Salem eee 1.20 
2. Estimates (see Birch, 1947b, for references) 
Surface ‘ = 
Place = Rock ‘Chim cal/gnrse ae Remarks 
feet 
Michigan, Calumet and 
MMR ccc recaceses. 1200 | trap 18 5 0.9 mean conductivity 
of 20 samples. 
Texas, Big Lake 1-B........ 2700 | dolomitic 24 8 2.0 depends on correla- 
limestone tion of samples 
from other wells 
Colorado, Red Creek........ 6200 | arkose, granite 20 6-8 1.2-1.6 | conductivity  esti- 
mated 
Georgia, Griffin, LaGrange...| 1000 | gneiss 17-22 7 1.4 conductivity  esti- 
mated 
Kansas, Syracuse........... 3460 | limestone 28 5-6 1.4-1.7 | conductivity  esti- 
mated 
Scotland, Boreland Bore 
(Anderson, 1939)......... 200 | sandy shale 23 4.7 4.1 conductivity  esti- 
mated 
England, (Anderson, 1939) 
Er eee — | sandstone 17 10? : conductivity esti- 
mated 
I Sissi ce acie omecend — | shale, sandstone} 36 3.2 1.2 conductivity  esti- 
mated 























observations of temperature. A careful study 
of the geologic column for some of the large 
number of wells where reliable temperatures 
have been obtained (by Van Orstrand, for 
example) might lead to reasonably good esti- 
mates of conductivity, and thence to a consider- 
able increase in the number of estimates of 
heat flow, for which the individual errors would 
be reduced in the error of the mean. 


The value for Michigan is based on the meas- 
urements of temperature by Hotchkiss and 
Ingersoll (1934; Birch 1948) and new, unpub- 
lished measurements of conductivity of 20 
samples of the basic flows. For these samples, 
the writer is indebted to Dr. Walter S. White, 
of the U. S. Geological Survey. The figure for 
heat flow is listed with the estimates because 
a complete analysis of the distribution of con- 
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FLOW OF HEAT 


ductivity has not yet been completed, but it 
is probably nearly as accurate as the best 
determinations. 

In view of the probable errors, the estimates 
of Table 20 are in fair agreement with the de- 
terminations of greater precision. Of the British 
values, Anderson (1939) remarks: “At present 
it can hardly be said with confidence that most 
of the results arrived at are accurate within 
about 10 per cent.” The writer would put the 
uncertainty at a higher figure where the conduc- 
tivities are estimated, perhaps at 30 per cent 
or more. For example, the heat flow at Durham 
depends upon a value for the conductivity of 
“sandstone” taken from the British Associa- 
tion Reports of 0.010 cal/cm -sec- deg. But even 
quartzites with more than 95 per cent quartz 
may have conductivities as low as 0.008, and 
sandstones with 80 per cent quartz may range 
as low as 0.005. The use of typical values for 
sedimentary rocks is often unavoidable, but the 
large uncertainties inherent in this procedure 
are not always recognized. Another procedure 
which may introduce error is the use of samples 
from correlated formations at some distance 
from the point of temperature measurement, 
as for the Texas (Big Lake 1-B) determination. 
The samples had to be selected from cores from 
wells in Crane and Upton counties, and these 
samples (dolomites) may possess higher con- 
ductivities than the rocks at the Big Lake 
field; it is known that the conductivity of “lime- 
stone” increases appreciably with increase of 
dolomite (Birch and Clark, 1940; 1945). 

For comparison with the Front Range, a 
mean value for the normal crust has been 
formed from the “best determinations.” There 
are several ways of combining them: (1) assign- 
ing unit weight to each well, we find a mean of 
1,06 microcal/cm?-sec, reflecting the low mean 
of the 18 Persian wells; (2) weighting the four 
regions equally, we find 1.14; (3) distinguishing 
two regions in South Africa of equal weight 
(Witwatersrand and Carnarvon), we find 1.20. 
A mean of from 1.1 to 1.2 is indicated as the 
best value. There is reason to believe that the 
lower value is more typical of a “normal” or 
sea-level crust (Birch, 1947a). The apparently 
high value at Carnarvon may be nearly nor- 
mal for this altitude, while the lower values 
at Witwatersrand, at about the same altitude, 
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approach the figure for a sea-level crust as a 
result of the great thickness in this locality of 
quartzites, dolomites, and lavas, presumably 
of lower radioactive content than granite. 

The means, as well as nearly all of the in- 
dividual values, are thus smaller than the flow 
for the Front Range; with 1.1 + 0.1 and 1.7 + 
0.2 respectively as the best values, the differ- 
ence is 0.6 + 0.2, or about half the normal 
flow. Although the uncertainties are not statis- 
tically determined, this difference is considered 
significant. 

Table 19 includes a figure for the heat flow 
in the Central Alps, given in the letter from 
Koenigsberger to Lane cited above. As there 
is no mention of a correction for erosion or 
uplift, it is assumed that this is based on the 
steady-state correction for topography, prob- 
ably according to Thoma’s method. This value 
is close to the steady-state figures for Colorado. 
The corrections for a finite time of develop- 
ment would also be comparable; on the other 
hand, the conductivities given by Koenigsber- 
ger in published studies seem to be low, and 
the number of samples small. The details of the 
work thus require examination, but, on its face, 
this result for heat flow in the Alps supports 
the thesis that high values are to be expected 
in mountainous regions. 

Though the present data are inadequate to 
determine a line with precision, a plot of heat 
flow as function of surface altitude does show 
a fair correlation. The measurements in the 
Rand are the only ones of high reliability which 
deviate widely; a possible reason for this has 
been suggested above. The correlation should 
be most significant between the “equilibrium” 
heat flow and altitude; the difference between 
present flow of heat and the “equilibrium” 
flow is presumably small for stable regions at 
low altitude, but may be appreciable for the 
mountain regions. Let us suppose, however, 
that the equilibrium flow for the Front Range 
is 1.7 microcal/cm*-sec. The “normal” varia- 
tion of heat flow with mean altitude would be 
given by a straight line starting at 1.1 at sea 
level, reaching 1.7 at 3 km. The slope is 0.2 
microcal/cm?-sec per kilometer of mean alti- 
tude. This is a reasonable rate of increase in 
terms of a thickening of a layer of granitic or 
intermediate rock. Deviations from such a 
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line of “normal heat flow’, or “thermal anoma- 
lies”, are of course to be expected. The pro- 
longation of this continental line toward the 
ocean basins remains as one of the outstanding 
geothermal problems, of which investigation 
has just begun (Pettersson, 1949). 


DIscussION 
Introduction 


Taken together, the hypotheses of mountain 
roots and of concentration of radioactivity in 
the upper part of the crust lead to an expecta- 
tion of an increased flow of heat in mountain- 
ous regions. This expectation has been verified 
in the Front Range, and probably also in the 
Alps. The most natural conclusion is that both 
hypotheses are at least qualitatively confirmed; 
the observed excess of geothermal flow may 
then be used for a determination of the mean 
radioactivity of the root, and this in turn for a 
calculation of the temperatures within the 
crust. There are, of course, alternatives to this 
straightforward interpretation, some of which 
will be briefly examined. 

It cannot be argued that abnormally high 
heat flow is associated only with mountain roots. 
In well-known areas—Yellowstone Park, Ice- 
land, New Zealand, and elsewhere—conspicu- 
ous volcanic and thermal activity is reasonably 
ascribed to local magmatic bodies, probably 
relatively recent and shallow. Many kinds of 
observations support such an explanation for 
these regions, which are exceptional at present. 
For the Front Range, however, the hypothesis 
of a recent intrusion to a high level in the crust 
would have no basis other than the observed 
increment of thermal flow. An effort will be 
made to narrow the possibilities of this form of 
interpretation. 

Of other special explanations, perhaps the 
most plausible is that the crust in this region 
is not thicker but merely more radioactive 
than normal. This proposal cannot be definitely 
refuted, and there is even a suggestion that it 
may be partly correct. We shall begin, there- 
fore, with an examination of the available in- 
formation on the distribution of radioactivity. 


Distribution of Radioactivity 
Since the compilations of Holmes (1933) and 
Jeffreys (1929; 1936), new studies, especially 


those of Piggot, Evans and Goodman, Hurley, 
Keevil and Davis, have greatly increased oyr 
knowledge concerning the distribution of the 
radioactive elements among different kinds of 
rocks, among different regions, within indi- 
vidual batholiths and magma series, and among 
the different mineral species. Nearly all this 
work deals with North American rocks. In 
precision, in the number of samples, and in 
scope of investigation, these recent studies so 
far outweigh the earlier work that rejection or 
retention of the latter has become of minor 
importance. A discussion of this material is 
planned for another occasion; a brief summary 
must suffice for the present purpose. 

The greatest quantity of information bears 
on the radioactivity of granitic rocks; this 
classification often includes quartz monzonites 
and other rocks which might also be termed 
intermediate. There are a considerable number 
of determinations for intermediate and for 
basaltic rocks, and a few reliable measurements 
for ultrabasic rocks. Metamorphic rocks, 
though they probably form a large proportion 
of the “granitic layer,” and sedimentary rocks 
have been little studied. 

Among igneous rocks, the radioactive con- 
tent usually decreases as the density increases, 
approaching the limit of reliable detection for 
ultrabasic rocks (dunite). Within petrologic 
categories, the range of activity is broad; many 
individual samples of basalt are more radioac- 
tive than many granites. Within individual 
batholiths or magma series, the range may be 
relatively narrow (Billings and Keevil, 1946). 
Significant regional variations, emphasized by 
Jeffreys (1942), appear to exist. 

The mean rates of heat production for vari- 
ous groups of rocks are assembled in Table 21. 
The following values have been used for the 
rates of energy release of the different radio- 
active series: for the uranium series (U?* and 
U2) 2.2-10° cal per year per gm of radium, 
or 0.72 cal per year per gm of uranium; for 
the thorium series, 0.20 cal per year per gm 
of thorium; for potassium, 20-10-* cal per year 
per gm of potassium (Graf, 1948a; 1948b; 
Borst and Floyd, 1948; Ahrens and Evans, 
1948). With this value, still somewhat uncer- 
tain, potassium contributes about 10 per cent 
of the total present energy release of the gran- 
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TABLE 21.—RAaDIOACTIVITY AND Heat PropucTION OF ROCKS 
(Numbers in parentheses are numbers of samples) 



























































Radioactive elements Proportion ee 
Authority by weight (gm/gm (sousheehaned in 
10-cal/cm?- sec 
Ra-10" Th-108 | K 
Granitic rocks 
Jeffreys (1936) “all” 2.4 18 [0.028]t 7.9 
(122) (60) 
“North America, Ireland, Etc.” 1.6 8.1 [0.028] 4.8 
(53) (30) 
Evans and Goodman (1941) ee 13 {0.028]t 5.2 
(43) (26) 
Billings and Keevil (1946) New Hampshire gran- ‘2 
ites, (55) 
Senftle and Keevil (1947) North American gran- 1.4 13.5 {0.028]t $.% 
ites (1287) (1287) 
Intermediate rocks 
Jeffreys (1936) 1.9 19 |0.02]f 7.4 
(36) (4) 
Evans and Goodman (1941) 0.51 4.4 (0.024If 2.1 
Senftle and Keevil (1947) 0.92 10 [0.02}f 3.9 
(297) (297) | 
Basaltic rocks 
Jeffreys (1936) 0.95 6.9 [.014]t 3.7 
(106) (55) 
Evans and Goodman (1941) 0.38 3.9 [.014]f 1.8 
(54) (34) 
Hurley (11 samples of Keweenaw basalt and dia- 1.5** 
base) 
Keevil et al. (1943) (170)* 1.3°* 
Ultrabasic rocks 
Davis (1947) (Dunite) 0.0046 [.0004]f ~A.03 
(6) 














* This compilation probably includes the values of Evans and Goodman, and Hurley. 


t Estimated 
** Calculated from a-activity 


itic rocks, and about 20 per cent for the basal- 
tic rocks. The best mean values for large 
samples are probably about 5-10-cal/cm*-sec 
for granitic rocks, 4-10- for intermediate 
rocks, between 1-103 and 2-10- for basaltic 
rocks, and less than 0.1-10-1* for dunite. 
The best indications of regional variation 
are to be found in the measurements of Senftle 
and Keevil (1947), who reported means for 


large numbers of samples, divided into 10 geo- 
graphic groups. Radium and thorium were 
determined for composite samples made by 
mixing material from many different rocks; 
the corresponding values of heat production 
are given in Table 22. The range within each 
group cannot be found by this method, but an 
upper limit for the error of the mean may be 
estimated with the assumption that the stand- 
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ard deviation of a single observation would be 
equal to the mean value. The standard errors 
of the means of Table 22 are computed in this 
way and are probably too high. Even so, there 


OF HEAT, FRONT RANGE 


from deeper layers of normal thickness leads to 
a still sharper conflict with the data, unless the 
deeper material is assumed to have an activity 
approaching that of granitic or intermediate 


TABLE 22.—HEAT PRODUCTION FROM URANIUM AND THORIUM 
































After Senftle and Keevil 
P(cal/gm- My) 
Granitic rocks Intermediate rocks 
Region 
ee 
1. Outside North America................... 30 6.4 + 1.2 
pee eee eee 396 4.0 + 0.2 72 3.2 + 0.4 
ee CPT Cee 123 7.8 + 0.7 31 4.7+ 0.9 
I Pa oe rare ee ee 143 4.8+ 0.4 20 2.3 + 0.5 
CR eee ee 76 5.4 + 0.6 17 3.8 + 0.9 
6. Southwestern States...................... 50 5.9 + 0.8 10 4.2+ 1.3 
pe 52 4.6 + 0.6 23 4.2+ 0.9 
8. Rocky Mountain States.................. 199 7.6 + 0.5 52 4.7 + 0.7 
EE ee re ee 126 5.9 + 0.5 23 5.4 + 1.1 
10. British Columbia and Alaska.............. 92 5.2 + 0.5 49 3.5 + 0.5 
RIN Ka pnedins ns Waser econ een 1287 5.5 + 0.2 297 3.9 + 0.2 
I oaks oaicad Qcauiex chee be 5.8 + 0.4 4.0 + 0.3 








Note: The standard errors have been computed on the assumption of a proportional scatter equal to 


one. See text. 


are significant differences among the groups; 
the greatest departure from the mean of all 
groups, however, is only about 35 per cent. 
It is possible to find larger variations for 
smaller groups of samples or for smaller regions. 

The figures of Table 22 suggest that the 
granitic rocks of the Rocky Mountain States 
are, on the average, 30 per cent more radio- 
active than the mean for all North America; 
the corresponding figure for intermediate rocks 
is 20 per cent. This is insufficient to account 
for the observed excess of heat in the Front 
Range in terms of a normal thickness of the 
granitic layer. The excess is about half the total 
normal flow, of which the granitic layer alone 
may be expected to produce about half. Thus 
the heat production in the granitic layer below 
the Front Range would have to be roughly 
twice as high as for average granite. So high a 
mean value for a large sample is not supported 
by the results of Table 22, or by any other 
evidence. 

An attempt to obtain the additional heat 


rocks. In this way, we return to the “granitic 
root.” As will be shown below, even with a 
substantial granitic root, a mean rate of heat 
production somewhat higher than that of aver- 
age granite may be required. To account for 
the excess of heat in terms of abnormal radio- 
activity of a normal crust involves a consider- 
able, if not impossible, stretching of the data. 
This interpretation also ignores the gravita- 
tional evidence that the crust in this region 
is far from normal. A more rational approach, 
therefore, is to accept the probability of crustal 
thickening and to compute the radioactivity 
required to produce the excess of heat. 


Estimated Radioactivity of Root 


An increment of thermal flow of 0.6 micro- 
cal/cm?-sec is produced in a layer 15 km thick 
with a mean rate of heat production of 4-10-" 
cal/cm?-sec, or 10 km thick with a mean rate 
of 6-10-1%, and so on. These are rates con- 
sistent with measured values for granites and 
intermediate rocks (Tables 21, 22), but there 
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are two further points: (1) what is the probable 
root thickness in this area; and (2) what is the 
relation between the currently generated heat 
and the present surface flow of heat? 


(Table 23) show isostatic anomalies only one- 
tenth or less as large as the Bouguer anomalies. 
Of these stations, however, only Pikes Peak is 
actually in the mountains, and its position is 


TABLE 23.—Gravity ANOMALIES IN COLORADO 





























Anomalies, mg. 
Station meters Hayf d Ai P 
Bouguer wie | oo 
NN ise Sa eos a ba diss kG, MaygcerATioratan wind 1638 —216 —18 —10 
I I 5 os ois on aie cisicipiciws o0i0 1841 —219 —8 —5 
eerie ee ree 1630 —232 —15 —4 
IN 6 crc N94.S ale Ra ERS cdr wlh nie cd 1595 —222 —21 —12 
SE RS 254.22. Sonos seers Re aaeus 1511 —197 —7 0 
ee or eee eee 4293 —215 +19 +8 
IN io oa vale o eal daiaie sine ta alereen 2340 — 243 +18 +25 
EEE E ICE, LOC CLE LOTT 1398 —184 +22 +32 
ie ere Perr eerie 2303 —229 +20 +21 
(300, Woollard) Loveland Pass................ (3660) —289 —30 





Much of the isostatic reduction of the Airy- 
Heiskanen type has been based on an assumed 
difference of density of 0.6 between a light 
upper layer and a dense lower layer, with 
compensation determined as if every surface 
feature possessed its own complete local “root” 
(Heiskanen, 1939). Although this scheme is 
generally recognized as artificial, it has the 
advantage of simplicity and is usually as suc- 
cessful in reducing the anomalies as more realis- 
tic assumptions. The extra thickness of root, 
T, below the normal sea-level crust is given at 
once for any height H above sea level by T = 
pH/0.6; with p = 2.67, this becomes T = 
4.45H. The total additional thickness of the 
crust is then 5.45H. The Front Range altitudes 
are between 2 and 4 km, with a mean in the 
neighborhood of the Adams Tunnel of about 3 
km. The extra thickness of root on this assump- 
tion of densities is thus between 9 and 19 km, 
with a mean of about 13 km; the addition to 
the normal crust is on the average about 16 km. 
The roet thicknesses are doubled if the density 
difference is taken as 0.3. 

Determinations of gravity in Colorado are 
too few to support a detailed analysis of root 
structure, but it appears that compensation 
is nearly complete. Data for nine stations occu- 
pied by the U. S. Coast and Geodetic Survey 





exceptional. Woollard (1943) has occupied a 
number of stations on a traverse which cuts 
across the Front Range between Denver, Love- 
land Pass, and Grand Junction. The measure- 
ments are not tabulated, but Woollard’s curve 
(Pl. 1) of isostatic (Hayford, 113.7 km) anoma- 
lies shows no value greater than 30 mg over 
the Front Range. The Bouguer anomalies reach 
nearly 300 mg and may be used, with various 
assumptions, for a direct estimate of root thick- 
nesses. The region over which the (negative) 
Bouguer anomaly is:200 mg or more is about 
300 km wide, so to a first approximation we 
treat the root as a horizontal sheet of great 
width and obtain the thickness from the simple 
relation for the attraction of a uniform plate of 
infinite extent. This attraction is 42Ap mg per 
kilometer of thickness; Ap here is the difference 
of density between root and the material nor- 
mally at the same level. With Ap = 0.6, this 
becomes 25 mg per km; thus to give an anomaly 
of 200 mg, a root of 8 km is required. This 
thickness will be increased by 50 per cent where 
the anomaly reaches 300 mg; an allowance for 
finite width of the root will increase it further. 
These figures are of the same order as those 
computed on the assumption of complete com- 
pensation. 

The simplest imaginable “root” is obtained 
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by replacing a single uniform underlying mate- 
rial by the downward extension of uniform 
“crustal” material of lower density. Because 
of the general relation between radioactive 
content and density, this replacement of denser 


mediate” rocks than of “granite.” If “granite” 
replaces ultrabasic rock, we may take py = 
3.3, Pw = 0, and find P = 3.6-10- for the 
“granite.” If basalt replaces ultrabasic rock, 
then P = 1.8-10-% for the basalt. All these 
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Ficure 15.—D1acram ILLUSTRATING SEVERAL SCHEMES OF COMPENSATION FOR A MEAN ALTITUDE 
or 3 KILOMETERS 


Also shown are estimates of equilibrium temperatures at the base of the several layers; these are computed 
for the values of conductivity K, and heat production P, given on the diagram. (See also Table 26 for other 


estimates.) 


material by lighter should increase the local 
radioactive generation of heat. If we suppose 
that the present surface flow of heat is equal 
to the equilibrium flow, then a simple propor- 
tion furnishes a rough value for the radioactiv- 
ity of the root. 

Let p be the density of the root, pw the dens- 
ity of the replaced underlayer, P the heat gen- 
eration (per cm*) of the root, Py, of the under- 
layer. The increase of thickness of the “crust” 
for a mean surface altitude H is AT = Hpy/ 
(pw — p). The increase of surface heat flow is 
AQ = AT (P — Py) = Hpn (P — Py)/ 
(pw — p). We have estimated above that 
AQ/H is equal to about 0.2 microcal/cm?-sec 
per kilometer; with this value, the relation be- 
comes 20-10" = (P — Py)pn/(pw — p), 
with P and Py in cal/cm*-sec 

For example, let “granite” replace basalt; 
pw = 3.0, p = 2.7, P — Py = 2-10-*. With 
Py between 1 and 2 (times 10-"’), as suggested 
by Table 21, we find P between 3 and 4 (times 
10-8), a range more characteristic of “inter- 


values are acceptable in terms of the measured 
radioactivities of surface rocks. 

The real distribution of compensation is of 
course not known, but it is possible to show, by 
treating somewhat more elaborate schemes, 
illustrated in Figure 15, that the conclusions 
are nearly independent of the assumed details 
of compensation. A “normal” sea-level crust 
is also shown in Figure 15 (see also Table 26); 
for the sake of consistency, the normal layers 
are assigned thicknesses such that, with aver- 
age values for heat production, the total flow 
of heat will have the value 1.1-10~-* selected as 
the best value for a “normal” crust. This flow 
is derived from: 12 km of granitic rock with a 
mean energy release of 5-10- cal/cm!-sec, 
plus 20 km of “basaltic” rock, with mean 
energy release of 1-10-!* cal/cm*-sec, plus a 
flow of 0.3-10-* cal/cm?-sec from beneath these 
layers, from all other sources. These thicknesses 
are comparable with those found in various 
regions by seismologists. The “normal’’ crust 
plays little part in schemes A and B, except to 
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determine the absolute depth of the root, and 
hence the correction for defect of equilibrium 
between surface heat flow and heat production 
in the root. In scheme C, the thickness of the 
root depends to some extent upon the original 
thickness adopted for the upper layer. 
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flow, 0.6 microcal/cm?-sec. Second, the mean 
heat production of the whole granitic layer is 
calculated from the total heat flow, 1.7 micro- 
cal/cm?-sec. In each case, three different values 
for the mean heat production P; of the basaltic 
layer are assumed: 0; 1-10-18; and 2-10-cal/ 


TaBLE 24.—EsTIMATED MEAN HEAT PRODUCTION 
Units of 10 cal/cm*- sec; see Table 22. 






































Scheme of compensation 
A B Cc 
P= | 0 | 1 | 2 | 0 | 1 | 2/0 | 1 | 2 
“Equilibrium” 

Granitic root only, by difference (4+30%)....... 2.3 | 3.0 | 3.7 | — | 3.6] — | 6.7 | 4.7 | 2.7 
Whole granitic layer, by total flow (+10%)..... 3.6| — | 4.9 | 4.2 | 3.5 | 6.7 | 5.0] 3.3 
“50 million years” 

Granitic root only, by difference (+30%)....... 3.5 | 4.2 | 5.0) 50] 5.3 | $.6 | 8.8 | 7.9} 7.1 
Whole granitic layer, by total flow (+10%)..... 4:8) $.2:) $.7 | $9} S87 SiS) 7.5) 6H 6.1 























In scheme A, it is supposed that the granitic 
layer is thickened at the expense of the basaltic 
layer, which disappears under heights exceed- 
ing 2.2 km, and then by displacement of the 
lower layer. Such a situation might be imagined 
if the basaltic layer were forced from its posi- 
tion to issue at the surface or to intrude into or 
beneath the upper layer in another area. (See 
for example, Jeffreys, 1927; Lawson, 1948.)This 
is nearly equivalent to the assumption of a 
density difference of 0.3 between crust and 
substratum. In scheme B, the basaltic layer is 
simply pushed down, with no change of thick- 
ness (Kennedy and Anderson, 1938, p. 63); 
this is merely an assumption intermediate be- 
tween A and C. In C, granitic and basaltic 
layers are thickened in the same ratio (1.75 
for a mean height of 3 km and the supposed 
densities). These examples serve only to illus- 
trate the effect of different root structures and 
do not, of course, exhaust the possibilities. 

Calculations for each of these three imaginary 
structures have been carried out in several 
ways. First, the mean heat production P, of 
the granitic root, that is the thickness added 
to the “normal” granitic layer, or the excess 
over 12 km, is found from the difference of heat 


cm*-sec. (See Table 2.) The heat production of 
the underlying material is taken as zero, but 
a value of 0.1-10- would have an impercep- 
tible effect on the present calculation. Of the 
total flow of heat, a value of 0.3 microcal/ 
cm?-sec is again used for the flow from the 
interior. 

If the heat produced in the thickened layers 
is supposed to be in equilibrium with the present 
surface flow, the mean heat production of the 
root, Pi, is given at once, by the first method, 
by the following relation, for scheme B: 


0.6-10-§ = 3-105P; + 13.5-105(P; — Ps) + 13.5P3, 


e 13 
| sn 3.6-10- cal/cm?-sec. 


whence P, = 35 





In this case, P; is independent of Pe. 
By the second method, we have 


1.7-10-§ = 0.3-10-* + 28.5-105P; + 20 Ps, or 
140-10- = 28.5 P; + 20 Po. 


The values for P; thus found for various as- 
signed values of P: are shown in Table 24. 
To improve upon the simple assumption of 
equilibrium, it will be necessary to trace out 
the thermal history of the thickened crust 
for the last 50 million years. The initial thick- 
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ness, rates of erosion, and radioactivity of the 
sedimentary cover must be taken into account. 
This problem is complex, and much of the es- 
sential data uncertain; further elaboration is 
left for another occasion. 


TaBLE 25.—TuHeE Quantity Erfc L/+/4kt For 
Various VALUEs oF L AnD #, FoR k = 0.01 
cm?/sec = 32 km?/My 




















Depth L Eric L / V4kt 
$= 50 My 12.5 My 3.13 My 
1.000 1.000 1.000 
10 . 860 .724 .480 
20 .724 .480 .157 
30 .596 . 289 .034 
40 .480 .157 .005 
50 377 077 | ~=«.001 
60 .289 034 —_ 
70 .216 013 | — 
80 .157 005 — 
90 112 mi + 
100 .077 _ —_— 











It is possible to find “upper limits” for the 
radioactivity of the crust, however, by ignoring 
such effects as initial heat, and erosion and up- 
lift prior to Pliocene time, all of which tend to 
increase the present flow of heat. We may sup- 
pose that the present flow is equal to the sum 
of the heat production of the original “normal” 
crust plus that fraction of the heat production 
of the root now arriving at the surface. The 
values of mean radioactivity so computed will 
be too high, but it is of interest to find the dif- 
ference between these and the “equilibrium” 
values. Even the latter may be slightly high 
as a result of the neglect of “initial heat,” 
but rough computations suggest that, by an 
accidental balance between the residue of ini- 
tial heat and of defect of equilibrium with the 
heat generation of the root, the present flow of 
heat approaches very nearly the equilibrium 
value for the present structure. 

Suppose, then, that the root was formed 50 
million years ago, in a time short by compar- 
ison with this interval. We obtain an approxi- 
mate solution for the present contribution to 
flow at the surface by using the result for a 
steady plane source of heat (Carslaw and Jae- 
ger, 1947, p. 222). The fraction of the current 


heat production of a steady plane source at 
depth L which reaches the surface at a time i 
after initiation of the source is erfc L/+/4}j, 
Values of this function for a few depths and 
times, with k = 0.01 cm*/sec = 31.5 km*/My, 
are given in Table 25. It will suffice to take the 
value for the mean depth of the various layers, 

With ¢ = 50 My, the equation for the radio. 
active heat generation in the root becomes, for 
scheme B: 


0.6-10-* = 3-105(0.81) P: + 13.5-105(0.70)(P; — P,) 
+ 13.5-105(0.47) Ps, 


whence 60-10-8 = 11.9 P, — 3.1 Py». Similar 
calculations give the mean heat generation for 
the whole crust in terms of the total flow of heat. 
These values are given in Table 24 under the 
caption ‘50 million years.” 

In assessing the results of Table 24, we must 
bear in mind that the uncertainty of the values 
found “by difference” is at least as great as that 
of the difference of heat flow, or about 30 per 
cent; similarly, the uncertainty for the values 
found from the total flow is at least 10 per 
cent. Thus there are scarcely any significant 
differences between the comparable figures for 
the mean heat production of the root alone 
and for the whole granitic layer. Furthermore, 
nearly all the values fall within the range of 
the measurements for granitic or intermediate 
rocks. As P; is unlikely to be zero, the columns 
under P; = 1, and P; = 2, are most signifi- 
cant. These solutions satisfy the requirements 
with respect to gravitational compensation and 
heat flow and are consistent with the assump- 
tion of uniform distribution of radioactivity, 
on a large scale, of the same order found by 
laboratory determinations for granitic and in- 
termediate rocks. As the figures of Table 24 do 
not vary greatly with moderate changes of the 
assumed thickness of the normal layers, and 
as the schemes of compensation which have 
been considered are fairly representative, these 
conclusions possess a high degree of general 
validity. 


Other Hypotheses 


General statement—Let us now examine 
briefly a few of the other conceivable explana- 
tions for an abnormally high flow of heat: 
(1) mechanical compression; (2) initial heat of 
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TABLE 26.—CHARACTERISTIC OF SEVERAL SCHEMES OF COMPENSATION 
(See Figure 15) 








Scheme of compensation for 3-km mean 
“Normal altitude 
crust” 





A B Cc 








Density 
EOE CO OR LE TCE 
IE sd: 9. choise didn apu, 25/e WRN Keven 
ss nad ds nn ne eee an dee ees 


2.7 
3.0 for all schemes 
sa 


12 38.6 28.5 21 
20 0 20 35 











7 5 6 6 
5 _ 5 5 














Mean flow of heat from the interior, all cases, 0.3 microcal/cm?- sec. 
Assumption 1. Equilibrium values (see Table 24) 





Mean heat production P, in 10~* cal/cm*: sec. 





5 3.6 4.2 5.0 

1 1 1 1 

5 | : 17 1.7 
140 770 520 410 
300 _ 680 750 














Assumption 2. “50 My” values (Table 24; see also Figure 15) 





Mean heat production P, in 10~™ cal/cm*- sec. 











5 $.2 . 5.8 6.8 

1 1 1 1 

rs 2.3 2.2 2.1 
140 1000 630 480 
300 _ 790 810 








a nonradioactive root; (3) subcrustal currents; 
(4) intrusion of magma. We shall attempt to 
define the conditions under which an appre- 
ciable fraction of the observed flow of heat may 
be expected; but the demonstration of a pos- 
sible effect from these hypothetical sources 
does not mean that they actually are present. 
Needless to say, highly idealized treatments of 
these questions must suffice; most of them are 
based on simple applications of the theory of 


the conduction of heat, and the derivations 
have been omitted. 

Mechanical compression—Since we are con- 
cerned with a phenomenon presumably observ- 
able over a large area, as indicated by the 
agreement between the results for the Adams 
and Moffat tunnels, local heating on widely 
spaced faults hardly recommends itself as a 
serious factor. We may postulate, however, 
that a wide prism, as thick as the crust, is at 
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present being slowly crushed by a compression 
normal to the strike of the mountains, and that 
this process generates heat uniformly through- 
out the crushed region. We estimate the pro- 
portion of the currently generated heat which 


TABLE 27.—STRAIN AND STRAIN RATES FOR 
DIFFERENT DURATIONS OF CRUSHING 





























(H = 40 km) 
0 =06 Q = 0.06 
B | (8) | é(My) 
é é 
perMy| °* | perMy| ° 
0/}1 ) 0.020 c) 0.002 ry 
1 | 0.51 | 13 .039 | 0.50 .0039) 0.05 
2 28 | 3.2 .071 .23 .0071} .023 
4 .14 8 .142 11 -0142) .011 
8 .07 . 284 .06 .0284) .006 











reaches the surface at any time after the be- 
ginning of compression. 

For an approximation to the rate of heat 
production per unit volume, we assume that 
the crushing takes place at a constant stress 
F, as in ideal plastic flow. Let e be the strain, 
and é = de/dt, the strain rate, or strain veloc- 
ity, supposed constant. Then the rate of heat 
production per cm? is Fé, and the rate per cm? 
of surface, HFé, where F is a mean value for 
the whole thickness H of the crushed layer. 
The flow of heat Q at the surface at time ¢ 
(measured from the beginning of crushing) 
isQ = HFé $(8), with 8 = H/+/ 4kt, and (8) 
= (1/+/e — ierfc 8)/8. We solve for é for 
various values of Q, F, H, and ¢. The total 
strain in the time ¢ is e = éf; in this form, the 
theory will be meaningful only for small values 
of strain. 

As an example, let H = 40 km, F = 10 bars 
= 10° dyne/cm*. Then é = 0.02/¢(8) per My, 
for Q = 0.6 microcal/cm*-sec; a few values 
are given in Table 27. If we take Q equal to 
one-tenth of the observed excess of heat flow, 
the relation is é = 0.002/¢(6) per My, and so 
on. 

We now have to decide how great a strain 
or strain velocity is consistent with other in- 
formation. It seems highly probable that the 
shortening required for Q = 0.6 microcal/cm?- 
sec is excessive. Whether any of the values 
under Q = 0.06 are acceptable is more ques- 


tionable. Even 2 per cent in 3 million years, 
or 1 per cent in 0.8 million years seems high, 
though in terms of geodetic measurements the 
changes would be too small to be observed, 
With a strain rate of 0.01/My, the two sides 
of a belt 100 km wide approach one another at 
1 mm/year or 10 cm/century. The change in a 
century is one part per million. Few present- 
day geodetic arcs have this precision, and none 
of a century ago. Over a million years, the 
shortening becomes a kilometer, with this rate, 
and might perhaps find geological expression. 

The value assumed for F is probably too high, 
and consequently e and é may be too small. 
The results are not sensitive to changes of H; 
for 8 greater than about 2, $(8) is very nearly 
1/B+/x, and é is independent of H. 

To summarize, mechanical compression is 
rejected as a major source of heat, but a con- 
tribution of the order of 10 per cent of the ex- 
cess is perhaps not inconsistent with the avail- 
able information. 

Initial heat of a nonradioactive root.—At the 
time of Laramide folding, a considerable com- 
pression presumably occurred, and not only 
the root, but the whole mountain belt may have 
been heated above the normal temperature. 
In the following, we wish to determine the pres- 
ent flow of heat from such a source; the cal- 
culation is the same, of course, whatever proc- 
ess is held responsible for the initial heat, so 
long as continued generation of heat, as by 
radioactivity, is excluded. 

Consider first a surfacé layer of thickness H, 
in which the temperature is everywhere raised 
by an amount AT above the normal tempera- 
ture, whatever this may be. Then the contribu- 
tion to the flow of heat at the surface, after a 
time ?, is 


KaT 2 
Vskt Vx 


For ¢ = 50 My, +/4kt = 80 km (with k = 
0.01 cm?/sec = 32 km*/My). If we suppose 
that this flow equals 0.6 microcal/cm?-sec, we 
find AT for various values of H and #, as fol- 
lows: 


 « eH? /4k ty 


H (km) = 16 32 48 64 80 
AT jt =SOMy 13,500 3600 1800 1100 840 
(°C)\¢ =125My 1800 560 350 290 270 
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For ¢ = 50 My, such increases of tempera- 
ture would evidently imply melting; we con- 
clude that no amount of mere heating, short 
of fusion, 50 million years ago, can account for 
the whole observed excess of heat flow. If the 
heating is supposed to have been more recent, 
the required temperatures, for a given thick- 
ness H, are much reduced, though even with 
t = 12.5 My it is doubtful whether the full 
amount of heat flow could be obtained without 
fusion. 

The effect of a single convective overturn 
below a depth H can also be found from this 
solution.We imagine that a deep mass of mate- 
rial arrives beneath the layer of thickness 7 
with an excess of temperature above the nor- 
mal distribution everywhere equal to AT, and 
thereafter cools by conduction. At the time ¢ 
after this event, the flow of heat at the surface 
will be increased by K AT ¢#*/*** /4/arkt. The 
values of AT required to give the total present 
excess of flow for ¢ equal to 50 My and to 12.5 
My are as follows: 


H(km) = 16 32 48 64 80 
AT ee My 550 620 760 1000 1500 
(°C) \t = 12.5 My 310 500 1120 3500 14,500 


Again, these temperatures imply fusion, except 
perhaps in the case of a relatively recent over- 
turn bringing heated material to within 16 
km of the surface, over a wide area. 

To account for a fraction of the whole ex- 
cess by these mechanisms, the required excess 
of temperature is of course correspondingly 
reduced, and acceptable solutions become pos- 
sible, though the fraction must be very small 
in some cases. 

To summarize, initial heat of a surface layer 
cannot supply the required flow at the surface 
without the assumption of temperatures in the 
range of fusion, unless the heating was relatively 
recent; the same conclusion is reached for 
heating by a single convective overturn, unless 
the crust is taken to be improbably thin. 

Subcrustal currents—The single overturn 
may be considered a special case of convection 
with low velocity. At the other extreme is a 
rate of overturn high enough to “maintain” 
an abnormally high temperature at or near the 
base of the crust. The effect at the surface 
depends upon the depth at which this tempera- 
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ture is maintained H, the amount of excess 
AT, and its duration ¢. The additional flow at 
the surface for this case is 


KAT 
Fz (erica + 2p / 4/5 


with 8 = H/~/4kt. We calculate AT required 
to produce the whole excess of heat flow for 
several values of H and ?: 


H(km) = 16 32 48 64 80 
AT {t=50 My 120 240 360 480 600 
(°C) |t = 12.5 My 125 330 880 2900 13,000 


With a crust of the order of 30 km thick, 
and ¢ greater than 12 My, the required excess 
of temperature is moderate. On the other hand, 
the problem of obtaining a movement of mate- 
rial so close to the surface sufficiently rapid to 
maintain this temperature has not been dealt 
with. The velocity is necessarily small near the 
base of the crust, so the depth at which an ex- 
cess of temperature can be maintained must 
be greater than the thickness of the crust. Thus 
we are again in doubt whether the condition can 
be met without recourse to fusion. 

Magma.—Finally, we shall consider the effect 
of a single intrusion of magma, possessing latent 
heat. This problem is complicated, not only 
by the presence of latent heat, but also by am- 
biguity as to the details of crystallization. 
There are two relatively simple hypotheses: 
(1) We may suppose that the magma remains 
at a uniform temperature throughout until 
completely crystallized; in this case the time 
required for extraction of the latent heat can 
readily be estimated, and thereafter we have 
merely a problem of cooling from an initial 
temperature, similar to those considered above; 
(2) we may suppose that crystallization pro- 
ceeds inward from the boundaries, the frozen 
material remaining in place; this case is more 
difficult, but useful solutions have been found 
(Jeffreys, 1927; Lightfoot, 1950; Ingersoll e¢ al., 
1948, p. 190; Carslaw and Jaeger, 1947, p. 71, 
227). In either case, the initial loss of heat is 
rapid, and a layer as thick as 20 km would 
freeze within a few millions of years. The con- 
tribution of the latent heat to the surface flow 
would rise to its maximum value in about the 
same time, and thereafter decline. By a time of 
20 My after an intrusion which came to within 
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10 km of the surface, the effect of the latent 
heat would be minor. 

To raise the present gradient by the observed 
amount, a non-radioactive magma would have 
to be either very large (thicker than some 20 
km) or else relatively recent and near the sur- 
face. The latest important volcanism in the 
Front Range is assigned to Oligocene or Mio- 
cene time (Wahlstrom, 1947, p. 557), probably 
more than 20 million years ago, and it seems 
to have been localized along rather definite 
lines. A substantial contribution to the present 
flow of heat from this source seems unlikely, 
but an intrusion which would produce the 
present effect can unquestionably be “de- 
signed” if sufficient freedom is allowed for 
adjustment of depth, thickness, and time of 
intrusion. 


Concluding Remarks 


As we have seen, a number of explanations 
can be “adjusted” to satisfy the thermal ob- 
servations alone. Most of these explanations 
lack the simplicity and freedom from special 
assumptions which characterize the interpreta- 
tion in terms of mountain roots; furthermore, 
they leave the gravitational observations to 
be accounted for by still another and possibly 
conflicting set of special assumptions. Airy’s 
conception of mountain roots affords a straight- 
forward interpretation of the thermal as well 
as the gravitational and seismological data. 
It is necessary to assume only that the roots are 
approximately as radioactive as surface samples 
of granitic or intermediate rocks. 

It is possible that a number of processes 
have contributed to the observed excess of heat, 
and that the estimates of the radioactivity of 
the root may consequently require some reduc- 
tion, depending upon the proportion attributed 
to other sources. For the moment, refinements 
of this kind would be premature. 

These conclusions have little bearing on the 
problem of the heat production in the deep 
interior of the earth. The flow of heat at the 
surface sets an upper limit to the amount of 
heat produced in the outer few hundred kilo- 
meters, but as yet it can be but little affected 
by conduction of heat generated either in the 
core or in the deeper parts of the mantle 
(Slichter, 1941). No distribution of radioactiv- 


ity yielding a present contribution to the sur- 
face flow of less than, say, 0.2 microcal/cm?-se¢ 
can be rejected as incompatible with our pres- 
ent thermal data, whatever objections may be 
raised on other grounds. If currents are of im- 
portance in the transport of heat from the in- 
terior, then the limitation on the total amount 
of radioactivity is more severe. 

Table 26 and Figure 15 show estimates of the 
“equilibrium” temperatures at the base of the 
various layers for several distributions of radio- 
activity; P: has been taken as 1-10- cal/ 
cm?-sec, and the flow from the interior as 0,3- 
10-*cal/cm*-sec for all cases. A moderate in- 
crease in the mean radioactivity of the basaltic 
layer leads to considerably higher tempera- 
tures for schemes, such as C, involving thick- 
ening of this layer. The temperature at the 
base of a crust 50 km thick is also increased by 
about 100°C for every increment of 0.1-10-* 
cal/cm*-sec of the flow from the interior. The 
temperatures are inversely proportional to the 
thermal conductivities, for a given flow of heat; 
since assumed conductivities may be in error 
by perhaps 20 per cent, particularly at the 
higher temperatures, a similar uncertainty must 
be ascribed to the temperatures. Clearly, how- 
ever, the temperatures beneath all these com- 
pensated crusts must eventually exceed the 
temperatures at corresponding depths beneath 
the normal crust; temperatures adequate for 
the formation of magmas may conceivably 
occur within the thickened crust. 

As a result of this increase of temperature, 
the compensation, which has been assumed to 
be of the Airy type, gradually acquires some 
of the characteristics of the Pratt-Hayford 
type. With a Hayford depth of compensation 
of 100 km, a 3-km altitude requires a mean 
decrease of density of 3 per cent, for the whole 
100-km column. To obtain such a decrease of 
density by variation of temperature alone, a 
mean difference of temperature of the order of 
1000°C would be needed. This exceeds the 
mean differences of temperature of Table 26 
by a considerable margin; nevertheless, with 
the gradual rise of temperature within the roots, 
there is an appreciable change of density which 
contributes to the elevation of the mountains. 
This effect may ultimately be offset by the in- 
crease of temperature and decrease of density 
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of the underlying medium. The natural con- 
sequence of the Airy scheme of compensation, 
in combination with the concentration of radio- 
activity in the upper layers, is thus an approach 
toward the apparently quite different scheme 
of Pratt and Hayford; such a combination of 
varying thickness and varying density has been 
employed by Heiskanen. Study of the varia- 
tions of temperature and of density within 
thickened sections of the crust might be of value 
in the analysis of the history of mountains 
and of volcanism; although there have been a 
few such studies (see Lee, 1923, with papers by 
Van Orstrand and Lambert), it appears that 
the subject might be profitably reopened. 


REFERENCES CITED 


™! 

Ahrens, L. H., and Evans, R. D. (1948) Radio- 
active decay constants of K® as determined from 
the accumulation of Ca“ in ancient minerals, 
Phys. Rev., vol. 74, p. 279-285. 

Perrin E. M. (1938) See Kennedy and Anderson. 

= (1939) The loss of heat by conduction from the 
earth’s crust in Britain, Roy. Soc. Edinburgh, 
Pr., vol. 60, p. 192-209. 

Antevs,, Ernst (1045) Correlation of Wisconsin gla- 
cial maxima, Am. Jour. Sci., vol. 243-A, p. 
1-39. 

Atwood, W. W., and Atwood, W. W., Jr. (1938a) 
Opening of the Pleistocene in the Rocky Moun- 
tains of the United States, Jour. Geol., vol. 46, 
p. 239-247. 

—— —— —— (1938b) Working hypothesis for the 
physiographic history of the Rocky Mountain 
region, Geol. Soc. Am., Bull., vol. 49, p. 957- 
980 


=" Mather, K. F. (1932) Physiography and 
Quaternary geology of the San Juan Mountains, 
Colorado, U. S. Geol. Survey, Prof. Paper 166, 


176 pages. 
Benfield, A. E. (1939) Terrestial heat flow in Great 
artis, a Soc. London, Pr., vol. A 173, 


—— cus - heat flow value for a mig? in Califor- 
nia, Am. Jour. Sci., vol. 1-18. 

— (1949a) A problem of the temperature distribu- 
tion in a moving ium, Quart. App. Math., 
vol. 6, p. 439-443. 

—_— (19496). The effect of uplift and denudation on 
underground temperatures, Jour. App. Phys., 
vol. 20, p. 66-70. 

Billings, M. >, and Keevil, N. B. (1946) Petrog- 
raphy and radioactivity of four Paleozoic magma 
series in New — Geol. Soc. Am., Bull., 
vol. 57, p. 797-8 

Birch, Francis (1947a) Crustal structure and surface 

flow near the Colorado Front Range, Am. 
Geophys. Union, Tr., your 28, p. 792-797. 

—— (1947b) Temperature and heat flow in a well 
near Colorado Springs, Am. Jour. Sci., vol. 
245, p. 733-753. 

—_— (1948) The effects of Pleistocene climatic vari- 
ations upon geothermal gradients, Am. Jour. 
Sci., vol. 246, p. 729-760. 


—— and Clark, Harry (1940) The thermal conduc- 
tivity of rocks and its dependence upon tempera- 
ture and composition, Am. Jour. Sci., vol. 238, 
p. 529-558, 613-635. 

—— — — (1945) An estimate of the surface 
flow of heat in the West Texas Permian basin, 
Am. Jour. Sci., vol. 243-A, p. 69-74. 

Borst, L. B., and "Floyd, I: J. (1948) The radio- 
active decay of K®, Phys. Rev., vol. 74, p. 989. 

Bryan, Kirk, and Ray, L. L. (1940) Geology of the 
Lindenmeier Site, Colorado, Smithson. Misc. 
Coll., vol. 99, aN '85-105. 

Bullard, E.C. (1938) The disturbance of the tempera- 
ture gradient in the earth’s crust by inequalities 
of height, Mon. Not. Roy. Astr. Soc., Geophys. 
Supp. vol. 4, p. 360-362. 

—— (1939) Heat flow in South a Roy. Soc. 
London, Pr., vol. A 173, p. 473-502. 

Byerly, Perry (1939) Near me in central 
California, Seismol. Soc. Am., Bull., vol. 29, 
P 427-462. 

Carslaw, H. S., and Jacger, J. os (1947) Conduction 
of heat in solids, Oxford, 386 pages. 

Clark, Harry (1941) The ice of simple compres- 
ston and wetting on the conductivity of rocks, 
Am. Geophys. Union, Tr., pt. iI, p. 543-544. 

Coster, H. P. (1947) Terrestrial im} oF flow in Persia, 
Mon. “4 Roy. Astr. Soc., Geophys. Supp., 
vol. 5, p. 131-146. 

Daly, R. A. P1933) Igneous rocks and the depths of 
the earth, McGraw-Hill, New York. 

Davis, G. L. (1947) Radium content of ultramafic 
rocks, Am. Jour. Sci., vol. 245, p. 677-693. 
Davis, W. M. (1911) The Colorado Front Range, 
Assoc. Am. Geog., Ann., vol. 1, p. 21-84. 
Emmons, H. W. (1943) The numerical solution of 
heat conduction problems, Am. Soc. Mech. Eng., 

Tr., vol. 65, p. 607-615. 





ential equations, Quart. Apa Math., vol. 2, 


p. : 
Evans, R. D., and Goodman, Clark (1941) Radio- 
activity of rocks, Geol. Soc. Am., Bull., vol. 52, 


p. 459-490 

Fisher, Osmond (1889) Physics of the Earth’s Crust, 
Macmillan, London. 

Fitton, Edith M., and Brooks, C. F. (1931) Soil 
temperatures ‘in the United States, Monthly 
Weather Rev., vol. 59, p. 6-16. 

Graf, T. (1948a) Significance of the radioactivity of 

ee in geophysics, II, Phys. Rev., vol. 
4 . 

— (1948b) On the total half-iife period of K®, 
Phys. Rev., vol. 74, p. 1199. 

Guubene, B. (1943 ) Seismological evidence for roots 
4 mountains, Geol. Soc. Am., Bull., vol. 54, 


473-498. 
Hann String (1939) Lehrbuchder Meteorologie, Leip- 


zig. 
Heaton, Ross L. (1940) Geological aspects of the 
Colorado-Big Thompson project, Mines Mag., 
vol. 30, p. 257-264. 
Heiskanen, W. (1939) Catalogue of the isostatically 


nicae, Ser. -. vol. 51, 140 pages. 

Hoel, Paul G. (1947) Introduction to Mathematical 
Statistics, Wiley, New York. 

Holmes, Arthur (1933) The thermal history of the 
earth, Washington Acad. Sci., Jour., vol. 23, 
p. 169-195. 





624 FRANCIS BIRCH—FLOW OF HEAT, FRONT RANGE 


Hotchkiss, W. O., and Ingersoll, L. R. (1934) 
Postglacial time calculations from recent geo- 
thermal measurements in the Calumet copper 
mines, Jour. Geol., vol. 42, p. 113-122. 

Ingersoll, L. R., Zobel, O. J., and Ingersoll, A. C. 
= Heat conduction, McGraw-Hill, New 

ork. 

Jackli, H., and Kleiber, K. (1943) Temperaturstu- 
dien an Gebirgsquellen, Eclog. geol. Helv., 
vol. 36, p. 8-15. 

Jahnke, E., and om F. (1938) Tables of functions, 
Teubner, on) t 

Jeans, J . +y (1927) The mathematical theory of elec- 

and magnetism, Cambridge University. 

Jeffreys. Harold (1927) On the earth’s thermal history 
and some related geological phenomena, Beitr. 
Geophys., vol. 18, p. 1-29. 

—— (1929) The Earth, "Contution Univ., 2d ed. 

—— (1936) On the radioactivities of rocks, Beitr. 

wo vol. 47, p. 149-170. 

—— (1938) The ph Reon of the temperature 
gradient in the earth’s crust by inequalities of 
height, Mon. Not. Roy. Astr. Soc., Geophys. 
Supp., vol. 4, p. 309-312. 

—— (1941) The thermal state of the earth, Am. Jour. 
Sci., vol. 239, p. 825-835. 

— (1942) On "the radioactivities of rocks, Mon. 
—_ Sw Astr. Soc., Geophys. Supp., vol. 5, 


p. ; 

Jones, W. D., and Quam, L. O. (1944) Glacial land 
forms in ” Rocky Mountain National Park, Col- 
orado, Jour. Geol., ‘4 52, p. 217-234. 

Keevil, N. B., , Ingham, W. N., and 
Crombie, G. P. 41943) Causes 0 variations in 
radioactivity data, Am. Jour. .» vol. 241, 


p. 345-365. 

Kellogg, O. D. (1929) Foundations of Potential 
Theory, Springer, Berlin. 

Kennedy, W. Q., and Anderson, E. M. (1938) 
Crustal layers and the <_< of magmas, Bull. 
Volcanologique, vol. 3, p. 

Kerner von Marilaun, F (ig05) Uber die Abnahme 
der Quellentemper alur mit der Hohe, Meteor. 
Zeitschr., vol. 22, p. 159-164. 

Koenigsberger, J. (With E. Thoma and H. Golz) 
(1908) Versuche tiber primdre und sekundére 
Beeinflussung der normalen geothermischen Tie- 
Senstufe, und tiber die Temperaturen im Albulc-, 
Arlberg-, Simplon-, Ricken-, Tauern-, und Bos- 
a Eclog. geol. Helv., vol. 10, p. 508- 


—— 71937-1939) Geothermische Mes in Berg- 
werken und Ubersicht tiber die Ergebnisse ya 
Geothermik, Beitr. angew. Geophys., vol. 7 


p. 68-83. 

Lane, A. C. (1923) Geotherms of the Lake Superior 

ag a Geol. Soc. Am., Bull., vol. 34, 
703-720. 

—, " Gaban (1942) Report of the Committee on 
the measurement of geologic time, Nat. Res. 
Council, Washington 

Lawson, A. C. (1948) Some further implications of 
the doctrine of isostasy, Geol. Soc. Am., Bull., 
vol. 59, p. 197-210. 

Lee, W. T. (1923) “oy of the southern Rocky 
Mountains, . Soc. Am., Bull., vol. 34, 














p. 285-308 
Lees, C. H. (1910) On the shape of the isogeotherms 
ate mountain ranges in radio-active districts, 
y. Soc. London, Pr., vol. A 83, AD 339-346. 
Lightioot, N. M. H. (1930) The soli 


ification o 


mortiC steel, London Math. Soc., Pr., vol. 31, 

97-1 

Lovaion T. °s. (1928) af of the a— Tun- 
nel, Colorado, Am. Inst. Min. Metall. Eng., 
Tr., vol. 76, p 337-346. 

Maurer, , (1916) Bodentemperatur und Sonnen- 
strahlung in den Schweizer Alpen, Meteor. 
Zeitschr., vol. 33, p. 193-198. 

Mezger, C. (1915) Uber die Temperatur der Erdrinde 
und thre Beziehungen zum Luftdrucke, Gluck 
auf, p. 1019. 

Misener, A. D. (1949) Temperature gradients in the 

anadian Shield, Canad. Min. Metali., Bull., 
Tr., vol. * p. 125-132. 

Niethammer, G (1910-1912) Die Warmeverteilung 

im Simplon, Eclog. geol. Helv., vol. 11, p. 96- 


121. 

Pettersson, Hans (1949) Exploring the bed of the 
ocean, Nature, vol. 164, p. 468-470. 

Powers, W. E. (1935) Physiographic history of the 
upper Arkansas Valley and the Royal Gorge, 
Colorado, Jour. Geol., vol. 43, p. 184-199. 

Ray, L. L. (1940) Glacial chronology of the southern 
Rocky Mountains, Geol. Soc. Am., Bull., vol. 
51, p. 1851-1918. 

Rayleigh, see Strutt. 

Schardt, H. (1905) Les resultats scientifiques du 
percement du tunnel du Simplon, Bull. techn. 
de la Suisse romande, p. 1-46. 

—— (1914) Die geothermischen Verhilinisse des 
Simplongebirges in der Zone des grossen Tunnels, 
Zurich, 20 pages. 

Senftle, F. E., and Keevil, N. B. (1947) Thorium- 
uranium ratios in the ’ theory of genesis of lead 
ores, Am. Geophys. Union, Tr., vol. 28, p. 
732-738. 

Shreve, Forrest (1924) Soil temperature as influ- 
enced by altitude and slope exposure, Ecology, 
vol. 5, p. 128-136. 

Slichter, L. B. (1941) Cooling of the earth, Geol. 
Soc. Bull., vol. 52, —600. 

Somigliano, ¢., and "Vercelli, a7 (1913) Sulla previ- 
sione matematica delle temperatura nei grandi 
trafori alpini, Mem. R. Accad. Sci., Torino, 
vol. 63, p. 327-375. 

Stapf, J. (1877) Studien iiber die Warmeverieilung 
im Gotthard, Berne. 

— (1883-1884) Some results of the observations on 
underground temperature during the construc- 
tion of the St. Gotthard Tunnel, North of Eng- 
land Inst. Min. Mech. Eng., Pr., vol. 33, p. 


19-34. 

Stark, J. T., Johnson, J. H., Behre, C. H., Jr., 
Powers, W. E., Howland, A. L., Gould, Don B., 
and Others (1949) Geology and — of South 
Park, Colorado, Geol. Soc. Am., Mem. 33. 

Stiny, J. (1933) Zur Vorausbestimmung der Erd- 
wirme im Bauwesen, besonders in Stollen und 
Tunneln, Geol. Bauwesen, vol. 5, p. 77-123. 

Strutt, R. J. (1906-1907) On the distribution of 
radium in the earth’s crust, Roy. Soc. London, 
Pr., vol. 78, p. 150-153. 

Thoma, Eugen (1906) Uber das Wérmeleitungs- 
problem bei wellig begrenzter Oberfliche und 
dessen Anwendung auf Tunnelbauten, Inaug. 
dissert. Karlsruhe. 

Van Orstrand, C. E. (1934a) Temperature gradients, 
Problems of Petroleum Geology, Am. Assoc. 
Petrol. Geol., p. 989-1021. 

—— (1934b) Some possible applications of geo- 








whel 
radis 
the 1 
pone 
tanc 
sum 
az, 








REFERENCES CITED 


thermics to geology, Am. Assoc. Petrol. Geol., 
Bull., vol. 18, p. 13-38. 

Van Tuyl, F. M., and Lovering, T. S. (1935) Physio- 
graphic hic develo the Front Range, Geol 
Soc. Am., Bull., vol. 46, p. 1291-1350 

Volterra, V. (1912) Sulle temperature nell’ interno 
delle montagne, Nuovo Cimento, vol. 4, p. 
111-127. 

Wahlstrom, Ernest E. (1947) Cenozoic physiographic 
history of the Front Range, Colorado, . Soc. 
Am., Bull., vol. 58, p. 551-572. 

Woollard, G. P. (1943) Transcontinental gravita- 
tional and magnetic profile of North America 
and its relation to geologic structure, Geol. Soc. 
Am., Bull., vol. 54, p. 747-790. 


DounBAR LABORATORY, HARVARD UNIVERSITY, CAM- 
BRIDGE, Mass. 

Manuscript RECEIVED BY THE SECRETARY OF 
THE Society, May 25, 1949 

Paper No. 108. Published under the auspices of the 

Committee on Experimental Geology and Geo- 

physics and the Division of Geological Sciences at 

Harvard University. 


APPENDIX A 


VALIDITY OF APPROXIMATE TREATMENT OF 
TOPOGRAPHY 


Probably the best method of determining the 
degree of approximation achieved by the treat- 
ment of surface irregularity adopted above is 
by comparison with the exact solutions for a 
few simple cases. In general, the success to be 
anticipated depends upon the curvature of the 
surface, with the approximation improving as 
the surface becomes flatter; at shallow depths, 
under sharp angularities, the approximation is 
sure to be poor. It is important, therefore, that 
the curvatures of the surfaces in these ex- 
amples bear some resemblance to those of the 
real topography. Only the steady state, for 
which the temperature satisfies Laplace’s equa- 
tion, will be considered. 

As a first example, let us take a hemispher- 
ical depression in an otherwise plane surface. 
The solution for the steady-state temperature 
in the interior, when the surface, including that 
of the “bowl”, is maintained at the uniform 
and constant temperature C, is known to be 
(Jeans, 1927, p. 194): 


V=C+ac(i —a/r), 


where z is the distance below the plane, r the 
radial distance from the center of the bowl, a 
the radius of the bowl, and @ the vertical com- 
ponent of the thermal gradient at a great dis- 
tance from the depression. This solution is the 
sum of the uniformly increasing temperature 
az, and the field of the “point doublet” of 
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strength —aa*, located at the center of the 
bow], parallel to the z axis. At the point z = 
r = 2a, for example, the temperature is C + 
1.75 aa. If the depression were filled up to the 
plane z = 0, level with the rest of the surface, 
the steady temperature at depth 2a would be 
C + 2aa. The effect of the depression is to re- 
duce the temperature at this point by 0.25 
aa, as compared with its value at the same 
place with the depression filled (the limiting 
gradient remaining equal to a); or we may say 
that the effective depth is seven-eights of the 
vertical distance below the plane surface. The 
depression has less and less effect at increasingly 
deeper points: forz = r = 3a, the effective 
depth is 3a (1 —zy); for 4a, 4a(1 — wx), and 
so on. 

By the approximate method, we calculate 
this temperature as follows: The effect of the 
depression is considered equivalent to a dis- 
tribution of temperature over the horizontal 
plane through the bottom of the depression, 
such that the temperature at each point is pro- 
portional to the distance 4 from this plane to 
the actual surface, and to the gradient a. 
The effect of the part of the system above the 
plane z = a, at the point z = r = 2a, is then 


given approximately by the integral, = / : dQ 


where d?? is the element of solid angle subtended 
at the point z = r = 2a by anelement of surface 
of the plane z = a distant by / from the true 
surface. In this simple case of symmetry about 
the z axis, the solid angle for a cone of half- 
angle y is 2x(1 — cos W), and we divide the 
plane, z = a, into concentric rings determined 
by increments of y. The integral is evaluated 
as a sum, in the form, 


a a(1/a) = [hi(cos ¥1 — cos Wo) 
+ ha(cos ¥2 — cos ¥1) + ---], 


where hi, fe, etc. are the mean values ot 4 
in the appropriate rings. The values, found 
graphically, are given below. The result of the 
summation is 0.78 aa; to this must be added 
aa, for the effect of the layer between z = a 
and z = 2a. The result is 1.78 aa, instead of the 
exact value, 1.75 aa. 

This point was at a distance below the bot- 
tom of the depression equal to the radius. At 
greater depths the approximation should be 
better, and at shallower depths, worse. 
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v cosy | A(cos ¥) h/a (k/a) A(cos ¥) 
0 1.0000 | 0.0152 | 0.006 0.0001 
10° .9848 .0451 .038 .0018 
20° .9397 .0737 .121 .0088 
30° .8660 .1000 .302 .0300 
40° - 7660 .0589 .631 .0370 
45° .7071 .7071 | 1.000 .7071 
90° 0 
. 7848 

















In this example, we used a uniform gradient 
plus the field of a point doublet centered at the 
surface z = 0. The shape of the isothermal sur- 
faces may be altered by shifting the doublet up 
or down, though they remain symmetrical 
about the axis of the doublet. Surfaces re- 
sembling simple mountain ranges more closely 
are obtained by passing to two-dimensional 
cases, next to be considered. 

In two dimensions, the “point doublet” be- 
comes a “line doublet,’’ derivable from the “line 
source” (or logarithmic potential in the steady 
state) by partial differentiation. The potential 
of the steady point source is A/r, with r? = 
x? + y? + 2; of the point doublet with axis 


parallel to z, by 42() = — Az/r'. Similarly, 


in two dimensions, with r? = 2* + z*, the poten- 
tial of the line source is A log (1/r), and of a 


te) 
line doublet parallel to z by Ay, (8 1/r) = 


— Az/r*. For a simple example, analogous to 
the three-dimensional one treated above, we 
find the effect of an infinitely long valley of 
semicircular cross section by combining a uni- 
form field with the field of a line doublet (Fig. 
16A): say, V = az [1 — a?/(x* + 2*)]. This is 
zero for = 0, and for x? + 2* = a*. Temper- 
atures are easily computed by the exact and 
approximate methods; a few values for the 
plane of symmetry are: : 

















, vie Ratio 

2/@ A E 
Exact Approx. es 

ee 0.833 0.885 1.062 

2 1.500 1.586 1.056 

3 2.667 2.764 1.036 

4 3.750 3.838 1.024 











The approximation becomes relatively better 
as the depth increases, but the absolute error 
remains between 0.05 aa and 0.09 aa for these 
depths. With a = 3000 feet (about like the 



































FiGurE 16.—CoMBINATIONS OF A UNIFORM FIELD 
WITH THE FIELD oF A LINE DOUBLET 


In (A), the center of the doublet is at the surface 
of the plane, with the negative part of the field 
downward; in (B), the center of the doublet is 
above the contour, with the positive part of the 
doublet field downward; in (C), the negative doublet 
field is turned downward, but the center of the 
doublet is above the surface of the plane. The small 
circles indicate the positions for which comparative 
calculations have been made. 


North Inlet) and a = 10°F/kft, aa = 30°F, 
and these errors would be between 1.5° and 
3.0°F. At Station 27, 1400 feet below the sur- 
face, an error of about 1.5°F might be expected. 

The solution for an infinitely long sym- 
metrical ridge, on which the surface tempera- 
ture varies linearly with altitude, was given by 
Lees in 1910. Aside from a term for local heat 
production, Lees’ solution is 


V = Votaz+ A(z + a)/[x* + (2 + a)*] 


for a ridge of contour defined by 
O = (a — a’)z + A(z + a)/[x* + (2 + a)*] 


On the surface, the temperature is V = Vo + 
a’z, with z positive downward. The term A 
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(s + a)/[x* + (2 + a)'] is the potential of a 
line doublet of strength A at the point x = 
0,2 = —a. Here a is the gradient of tempera- 
ture in the rock, at great depth, a’ the gradient 
on the surface. There are two adjustable param- 
eters, A and a, for determining the shape of the 
ridge. 

The field of the line doublet may also be 
written, V = A cos 0/R, where R? = x + 
(g + a)?, and cos 8 = (z + a)/R. Thus the 
equations of equipotentials for the line doublet 
are R = (A/V) cos 60 = p cos #, where p is a 
constant for any given equipotential. In the 
x, z plane, the equipotentials determine two 
families of circles, all tangent at the center of 
the doublet, with radii p/2. On one side the 
values are positive, on the other negative (Fig. 
16A). The center is a singular point and must 
be located outside the space in which we wish 
to find the potential. 

We obtain a “valley” by taking the negative 
part of the doublet downward, in the direction 
of increasing z and increasing temperature. 
In this case, the center is always outside the 
region of interest. For a “ridge”, the positive 
part is taken downward, but the center of the 
doublet must be a certain distance above the 
plane z = 0 if equipotentials with cusps at x = 
0 are to be avoided. Without entering into 
details, we state the following conclusions: (1) 
if a’ = 0, so that the temperature is constant 
on the free surface, then, in order to avoid 
equipotentials with cusps, we must have A /aa* 
less than }. If A/aa? = }, the surface contour 
alone will have a cusp; (2) if a’ is not zero, 
then, in order to avoid a cusp at x = 0, we 


(a — a’) A 


must have — less than }. 
aa? 


Let us apply this theory to a rounded ridge 
resembling the main mass of the Continental 
Divide (Fig. 16B). The height of the peak is 
taken to be 4000 feet above the “plain”. The 
other dimensions are shown below. To cal- 
culate temperatures, let us assume the follow- 
ing values for a and a’: a = 12°F /kft, a’ = 
2.4°F /kft. These are close to the actual gra- 
dients for the Adams Tunnel. The temperatures 
have been calculated by the exact method and 
by the approximate method for several points 
on the plane z = 0; these points are indicated 
in Figure 16B. 




















Contour of ridge, feet adtinreka 7 
x —2 exact approximate 

0 4,000 27.79 27.2 

2,802 3,618 26.78 27.2 

5,789 2,894 23.95 24.4 

9,275 2,171 19.69 19.8 

14,400 1,447 13.96 14.3 











By the approximate method, the “disturb- 
ance” of temperature at a point P resulting 
from the departure of the surface from a refer- 
ence plane through the surface point directly 
above P is taken as (a — a’)hdQ/2r. For the 
two-dimensional case, the element of solid angle 
becomes a dihedral angle, numerically equal to 
twice the element of plane angle, in the plane 
normal to the vertex of the dihedral angle. 
The values in the table have been found by 
computing the integral as a sum, with 10-degree 
increments of plane angle. The errors in this 
case are generally less than 0.5°F. 

A “valley” much like the North Inlet in cross 
section (Fig. 16C) is obtained by placing a 
doublet of suitable strength slightly above a 
plane surface, with the negative part of the field 
downward. The dimensions are as follows: 


i... ee 0 720 1577 2049 2491 
Sea 2000 1889 1416 944 472 


With the thermal gradients as before, the 
temperature at z = 3400 feet, x = 0, 1400 feet 
below the bottom of the valley, is 20.7°F 
(exact), as compared with 21.8°F by the ap- 
proximate method, applied graphically. For 
z = 3400 feet, x = 3400 feet, the tempera- 
tures are 26.3°F (exact), 28.4 approximate. 
(These temperatures have been adjusted with 
respect to those beneath the “ridge”, so that 
the stations are all at the same level.) The 
curvature of the surface above this last point is 
evidently sharp, but not much more so than 
that of the real surface in the neighborhood of 
the North Inlet. 

The real problem presents itself differently, 
in that we have measured temperatures and 
computed depths, zs — hk, and wish to find 
a — a’. The comparisons of exact and ap- 
proximate temperatures just given suggest that 
errors of determination of corrected depths 
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will rarely exceed 100 feet, equivalent to about 
1°F. Uncertainty of about the same order 
arises from many other disturbances, and the 
standard deviation actually found is close to 
1°F. With a distribution of 20 observations 
over a depth of 3000 feet, the statistical error 
on the slope turns out to be only a few per 
cent. The principal uncertainties are the sys- 
tematic ones, which are not included in the 
estimate of error. It does not appear, however, 
that a significant systematic error is introduced 
by the method of computing the topographic 
correction, except insofar as the age of the 
topography is uncertain. 


APPENDIX B 


Errect OF DEPARTURES FROM 
ConpDITIONS 


When the observed temperatures and depths 
are corrected as described above, in terms of 
an assumption of uniform uplift and uniform 
initial temperature at each depth below an 
initially plane surface, deviations from the 
expected linear relation, amount at most to 
several degrees (F). Some part of these devia- 
tions is probably to be traced to the approxi- 
mate treatment of the topography, discussed 
in Appendix A, and to other disturbances 
which have been considered. Still other sources 
of error are departures of the initial conditions 
from the simple uniformity postulated for the 
calculation of the corrections. 

The “initial” surface was not a plane, but 
at best a rolling surface with hills and valleys 
reaching perhaps several thousand feet above 
or below the general level. As a consequence, 
the initial temperature was not uniform at 
what is now tunnel level, but was affected by 
the topography of that time; furthermore, the 
erosion to the present surface is not equal to 
the difference between present altitude and, 
say, 12,300 feet, but to the difference between 
present altitude and original altitude plus up- 
lift. There may also have been differential 
uplift (faulting or warping) of some sections 
with respect to the rest. The thermal conse- 
quences of these effects depend upon the time 
which is taken as the initial time, or the time 
at which faulting occurred, and diminish as 
these times increase. The present temperatures 
are, however, fairly closely adjusted to the 


ASSUMED 


present topography. The correction to the 
steady-state gradient for a period of develop- 
ment of one million years (Table 13), without 
uplift, is only 1.2°F/kft or about 10 per cent 
of the gradient. Thus the original topography 
cannot have a very considerable residual effect, 
and a rough estimate will suffice. 

The effect of an initial temperature f(x, y, 2) 
in the uniform half-space bounded by the plane 
z = 0, which is maintained at zero tempera- 
ture, is (Carslaw and Jaeger, 1947, p. 308; there 
is an obvious misprint here, the function f(z’, 
y’, 2’) appearing twice under the integral sign) 


V(x, y, z, ) = (4rkt)-3!2 [ 4 [ 
oo wo “0 


ie _@ — x) 
1, 7. 00e0) 252) 


(y —y’)* (2 — 2’) 
[ta |e [ae] 


(2 + 2’) vee 
exp| - 4h } dx’ dy’ dz 


As a simple form of initial temperature, con- 
sider f(x, y, 2) = A cos my, a disturbance de- 
pending on the single coordinate y, parallel 
to the surface. This would be approximately 
true near the surface under a topography con- 
sisting of parallel and equal ridges and valleys 
of “wave length” 22/n. Then the triple integral 
given above is the product of three integrals, 
nh, Ts, and Ts: * 


= (ete) | ae{exo| —© 4 *| 
4 _@+2) 
_ Aki 
= erf(z/V/ 4ki) 


«oo —_ «8 
I; = (anya [ dy’ cos ny’ exp — e's: 
io) 











The quantity J; is greatest for y = 0, at 
the center of a ridge or valley, for which it 
becomes A exp (—m*kt). Thus the temperature 
at (x, 0, z, #) is V(x, 0, 2, t) = ; 

A exp (—n*kt) erf (2/+/ 4kt). 
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For ¢ = 1 My, and z = 1 km, with k = 63 
km?*/My, 2/+/4kt = 0.063, and erf (0.063) = 
0.07. Thus the initial temperature A at this 
point would be reduced to 0.07 A by this factor 
alone. This would be the result for a uniform 
initial temperature. The other factor depends 
also upon the wave length 24r/n, = X, say; we 
have to evaluate exp (—42kt/X?). With the 
above values for ¢ and k, this is exp — (50/A)?, 
with A in kilometers. The whole length of the 
tunnel is about 21 km; if we regard this as 
about one half wave length, the exponential 
attenuation factor is about 3, and the whole 
residual effect about 0.02 A. The present ampli- 
tude of the disturbance is 30°F; thus even with 
an initial relief as great as the present one, one 
million years ago, there might remain an effect 
of about 0.6°F. The lateral variation would be 
small over most of the central part of the 
tunnel, and the whole effect would be smaller 
near the ends where the depth z is smaller. For 
shorter wave lengths, there would be relatively 
greater variation along the tunnel, but the 
exponential attenuation would reduce the mag- 
nitude still further. Thus deviations from 
this source are probably beyond possible 
recognition. 

The same sort of approximation may be used 
for investigating the consequence of differential 
uplift. Imagine a prism, indefinitely extended 
in the x direction, with vertical sides deter- 
mined by the planes, y = -ta, uplifted rela- 
tively to the material outside these planes by 
the distance H. In the interior, the prism will 
be momentarily warmer than material outside 
at the same level by the amount aH. Ignoring 
the projection of the upper surface of the prism 
above the general level, we have for the dis- 
turbance of temperature at (x, y, 2, #): 


V(2,9,24) = eH Ink, 
where J; and J; are given above, and 


+a ( = 2 
Iq = (4mkt)-1!2 [ dy’ exp eew 


_! [ 272 be at? | 
2 V 4ht V 4ht 

At y = 0, the center of the prism, the dis- 

turbance is greatest, and is given by 


V(x,0,2,1) = aH erf (2/+/4kt) erf (a/+/4kt. 
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Deviations of one sign seldom persist for 
more than a few kilometers along the tunnel; 
in such a region, between Stations 10 and 16, 
say, the observed temperatures are about 2°F 
too low. We may inquire how great a down- 
throw of a block 2 km wide would be required 
to account for this difference of temperature, 
for various assumed times of faulting. We as- 
sume #, solve for aH, and thence for H, taking 
a = 12°F /kft; the depth z is about 0.7 km. 


t, My 1.0 0.25 0.0625 0.0156 0 
H, feet 47,000 12,000 3100 840 170 


Evidently, if faulting is responsible for these 
deviations, it must be very recent, within the 
last 10,000 years. There is in fact a valley about 
800 feet deep, described by Heaton (Progress 
Report ITI, p. 38), which crosses the tunnel line 
between Stations 12 and 14. “The west side of 
the valley is very steep cliff, with evidence of 
faulting and shearing on and at the foot of the 
cliff.” There is little reason to suppose, how- 
ever, that this feature is as young as 15,000 
years, and a more likely explanation of the 
low temperatures might be percolation of water 
along the fault. 

Another possibility is relative vertical move- 
ment on a single fault plane. Let a of the case 
just considered become large, and consider 
points y = a + w, where w is of the order of a 
few kilometers. We have 


aH = 2a+w w 
«Su a oo a 
V 3 erf (2/~/4kt [« Vili er Tail 
or, for a very large (compared with +/4ki), 
V = (eH /2)erf(2z/+/4ki)[1 — erf(w/+/4ke)]. 


With z = 1 km, the values of vertical differen- 
tial movement required to give a difference of 
2°F at the fault (w = 0) for various times of 
faulting are as follows: 


1.0 0.25 0.0625 0.0156 0 
4700 2400 1200 640 333 


i, My 
H, feet 


The variation laterally away from the fault 
is also of interest. For ¢ = 0.25 My, and a 
throw of 2400 feet, there is a variation of about 
2.5°F between points 5 km from the fault, on 
opposite sides. The same difference would take 
place in half this distance for ¢ = 0.0625 My 
and a throw of 1200 feet, and so on. Faulting 
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during the Pleistocene uplift may thus con- 
ceivably be responsible for some of the devia- 
tions, but there is little systematic difference 
between points at the same corrected depths on 
opposite sides of the Divide, at least in the 
central region. There are probably no recent 
faults with large vertical displacements in the 
central region, and very possibly none anywhere 
across the tunnel line. 

The effect of gradual erosion of a uniform 
layer of thickness d is a steepening of the gradi- 
ent of the order 2(a — a’) d/+/xkt. With 
k = 63 km*/My, ¢ = 1 My, anda — a’ = 
18°C/km = 10°F /kft, this is 2.55 d°C/km, 
with d in km, or 0.434 d°F/kft, with d in thou- 
sands of feet. If the initial surface possessed 
hills or valleys departing 1000 feet from the 
assumed level, then points immediately under 
such fearures might be in error by a maximum 
of 1.5°F, for a present cover of 3500 feet. The 
actual value would be less than this, depending 
upon the extent of the hill or valley. Features 
with dimensions of the order of a mile or so 
would produce only a fraction of the full effect. 
Most of the present hills are smaller than this. 
For peaks such as Longs Peak, the departure 
from the general level is about 2000 feet at the 


crest, but the area above 14,000 feet js 
negligible. Even the area above 13,000 feet is 
scarcely a mile across and, if centered on a 
tunnel station, would subtend less than one- 
fifth of the solid angle subtended by the whole 
surface. Actually, Longs Peak is 3 miles from 
the tunnel line, and its effect in this respect is 
negligible. This is the nearest of the present 
14,000-foot peaks. On the other hand, so pro- 
nounced a feature as the valley of the North 
Inlet may have had some expression in the 
old-age topography, perhaps of the order of 
1000 feet. Here the depth to the tunnel is less, 
and the solid angle subtended by. the valley at 
Station 27 is roughly half of the whole angle. 
The indicated correction is still less than 0.5°F 
and if applied would increase the deviation of 
this point. 

The smallness of all these second-order dis- 
turbances is reassuring with respect to the 
determination of gradient. A corollary is that 
information about the degree of planation at 
some earlier time, derivable from the study of 
the temperatures, is limited to statements of 
somewhat vague upper limits for relief and for 
differential movements. 
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